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ABSTRACT
EFFECT OF PHOTOPERIOD ON DEVELOPMENTAL MORPHOLOGY
AND ENOLASE ISOENZYME IMMUNOHISTOCHEMISTRY IN
RAT AND DJUNGARIAN HAMSTER SUPERFICIAL PINEAL GLANDS

by
Chalmer D. McClure

The best understood functional activity of the pineal gland is its diurnal
production of melatonin in response to environmental lighting cues.

Several

enzymes of the melatonin pathway respond to daily photoperiod changes, for
example

hydroxyindole-O-methyltransferase

(HIOMT)

and

serotonin

N-

acetyltransferase (SNAT). Increased levels of the glycolytic enzyme neuron-specific
enolase (NSE) are thought to reflect increased physiological demands placed on
neurons and neuroendocrine tissues.

Homodimer non-neuronal enolase

isoenzyme (NNE) is immunolocalized to cells, and the hybrid enolase (consisting
of subunits from NSE and NNE) has been seen in cerebellar stellate and basket
cells. Although not rate limiting, concentrations of both NSE and NNE in the rat
pineal gland rival that of the forebrain. The rat pinealocytes demonstrates a mosaic
pattern of immunostaining for the NSE antigen.

Furthermore, an increasing

proximal to distal immunostaining gradient has been reported in the gland. In this
study, it was hypothesized that structural and immunohistochemical differences
represent pinealocyte heterogenous functional activity. This was tested in two
rodent populations (rats and Djungarian hamsters) by means of evaluating the

effect of photoperiod manipulation on morphological development and
immunohistochemical localization of enolase isoenzymes. Djungarian hamsters
respond well to photoperiod changes, while laboratory rats are thought to be
insensitive to environmental lighting changes. The effect of photoperiod in the
hamster was confirmed by significantly different (p<0.01) body and testes weights
for animals housed under the two different photoperiods (long day, 16L8D; short
day 6L18D). In addition, rats exposed to the long day photoperiod (12L12D) had
significantly greater body and testes weights (p<0.05) than animals raised under
the short day photoperiod (6L18D). Photoperiod also influenced pineal gland
soluble protein, protein concentration, and NSE concentration in both species.
Generally, the levels were greatest in extracts from the glands of animals subjected
to the short day environment. Gel electrophoresis revealed a protein or group of
proteins that were particularly responsive to changes in environmental lighting; the
estimated molecular weight was 80 kD. In both species, NNE exhibited the same
heterogenous immunostaining as NSE, and was localized to the same pinealocytes
in adjacent sections. The preceding strongly suggests that the hybrid enolase is
found in the rat and hamster pineal gland.

If so, this may reflect a balance

between simultaneous expression of the NSE and NNE genes.

The NSE

increasing proximal to distal immunostaining gradient was repeated by NNE in the
rat gland, but it was in the opposite direction for the hamster. Morphological
features, however, may have contributed to the gradient nature of enolase
isoenzyme immunostaining, in that regional nuclear and blood vessel volume
fractions were influenced by photoperiod.
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INTRODUCTION

Currently, the best understood activity of the pineal gland is its response to
environmental lighting cues that result in stimulation or depression of melatonin
production.

Environmental lighting is perceived by retinal receptors and is

transduced into an electrochemical message that passes via a multisynaptic
pathway to the pineal gland. Melatonin in rodents affects gonad size; in humans
it is suspected to play a role in the onset of puberty and may also contribute to
mental depression. In addition to melatonin, a number of other substances are
produced by the pineal gland, however their importance is yet to be determined.
Some, as with melatonin, are influenced by diurnal lighting while others appear
unresponsive to photoperiod. Moreover, enzymes of several metabolic pathways
are localized to what appear to be different populations of pinealocytes. Recent
work has shown a heterogenous localization of HIOMT, NSE, and retinal-S
antigens in the rat pineal gland.

In fact, HIOMT and NSE have been

immunohistochemically localized to the same bovine pinealocytes. For each of
these enzymes, the researchers hypothesized that they represented pinealocyte
functional diversity. To further complicate our understanding of the gland, different
species exhibit distinct developmental events, gross morphology, and arrangement
of pinealocytes. Therefore, this work was undertaken to test the hypothesis that
the structural and histochemical evidences of pinealocyte functional heterogeneity
are responsive to functional demands. This hypothesis has been tested in different
species and the interaction of photoperiod with development and age evaluated.

1
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Pineal Gland Anatomy
Morphology: The size and form of the mammalian pineal gland vary considerably
among species, however all are generally posterior extensions of the diencephalon.
Weight varies from several grams in the Weddell seal (Cuello and Tramezzani,
1969) to micrograms in some rodents. Primate pineal glands have a conical shape
(the base at the diencephalon) whereas several rodents have what is described as
a "dumbbell". A slender stalk connects the superficial and deep parts of the gland
(Vollrath, 1981). The shape of adult pineal glands may not so much be proscribed
by genes as rather conforming to the space available as it enlarges
developmentally (Quay, 1965). Researchers have speculated that the gland may
elongate developmentally because of a cranial meningeal attachment.
Several methods have been used to describe the gross morphology of the
pineal gland; the most widely accepted method was developed by Vollrath (1981).
For example, that portion of the gland that is closest to the posterior and habenular
commissures is designated "A". A substantial stalk and superficial gland are "B"
and "C" respectively. Diminutive structures are listed by the lower case, and an
absent structure is not labelled. Both the rat and Djungarian hamster pineal glands
may be classified as either "aC" or "abC" since they both have slender stalks
connecting deep and superficial parts of the gland.
The pineal gland is abundantly supplied by blood from the posterior
choroidal arteries. Arteries travel along the glandular capsule giving off capillary
branches to the gland (von Bartheld and Moll, 1954). Veins drain the gland directly
into the great cerebral vein (Gladstone and Wakely, 1940). As the great vein
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empties into the confluence of sinuses, it passes immediately above the gland; in
fact the glandular capsule and vessel connective tissue are imtimately adherent
(Quay, 1973). Effect of photoperiod on pineal gland blood vessel size has yet to
be determined.
Published accounts of regional differences deal basically with a cortex and
medulla. The cortex of the mouse gland contains primarily light pinealocytes and
a minority of other cells. The medulla contains mainly dark pinealocytes (Benson
and Satterfield, 1975). Quay (1965) is the major proponent of a rat superficial
pineal cortex and medulla.

However, neither Tapp and Blumfield (1970) nor

McClure et al. (1986) found any morphological or functional evidence to support
a cortex and medulla arrangement of cells,

Even under different lighting

conditions, Roth et al. (1962) failed to find a cortex.
The organization of parenchymal cells varies among species. In the pocket
gopher, several cells can be found around a lumen for an acinar type arrangement
(Sheridan and Reiter, 1973).
arranged in follicles.

Kappers (1960) described rat pinealocytes as

Although investigated by van Veen et al. (1978), the

Djungarian hamster anatomy has yet to be well described.
Because of their multiple cell processes, mammalian pinealocytes have been
likened to multipolar neurons. They contain microtubules and granular vesicles,
secrete vacuolized material (Revet, 1982; Welsh and Reiter, 1978), and have
excitable membrane properties (Sakai and Marks, 1972).

Djungarian hamster

pinealocyte processes have been traced with bovine anti-retinal S-antigen sera as
far as the posterior commissure and habenular nuclei to reveal a so called
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pineal-to-brain connection (Korf et al., 1986).
Wolfe (1965) states that the rat contains only one pinealocyte population
while Arstila (1967) believes "light" and "dark" pinealocytes exist. The two cell types
both contain large lobulated nuclei and microtubules.

Light cells have

predominantly smooth endoplasmic reticulum (SER) but dark cells primarily have
rough endoplasmic reticulum (RER) (Arstila, 1967).

Although there is some

suggestion that dark pinealocytes are the result of poor fixation, Luo et al. (1984)
indicate that even under the best conditions, some dark pinealocytes are found in
rats.

Astrocytes can also stain darkly and may be misinterpreted as dark

pinealocytes (the nucleus of astrocytes has a heterochromatin band just inside
the nuclear envelope). Tapp and Blumfield (1970) believe three populations of
cells are found in the rat pineal gland.

The first population is recognized by

glycogen droplets, pale staining cytoplasm, and round nuclei; the second
population exhibits granular eosinophilc cytoplasm and are localized in irregular
cords; the third population is rarely found but consists of isolated cells with small,
oval hyperchromatic nuclei and slightly eosinophic cytoplasm.
Revet et al. (1977) felt that the terms "light" and "dark" did not adequately
address the variations seen in pinealocytes. They instituted a new scheme in
which pinealocytes are grouped according to a perceived relationship between
photoreceptors. The type I pinealocyte has extensive Golgi complexes, whereas
type II pinealocytes contain vacuolized flocculent material. Type I cells are usually
in the majority for most animals.
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Pinealocyte nuclear size has been reported to vary under different
conditions. In the white footed mouse, the nuclei of pinealocytes of the distal,
superficial gland exhibited greater size than the proximal, deep gland (Quay, 1956).
Similar finds have been reported for the superficial and deep complexes of the rat
(Vollrath and Boeckmann, 1978). Tapp and Blumfield (1970) indicate that type I
cells have the largest nuclear size, type II intermediate, and type III the smallest.
Despite conflicting evidence regarding nuclear size of cortical and medullary
pinealocytes in the rat, the size in both regions is greatest at midday (Renzoni and
Quay, 1964). In hamsters, nuclear size is greater in animals exposed to a short
photoperiod and less in those exposed to a long photoperiod (Hoffman and Reiter,
1965). Nuclear volume increases linearly with age (Cassano et al., 1961, as quoted
by Vollrath, 1981).
Quay (1957) described lipid distibution in rat and man. The type I cells
contain intracellular lipid droplets.

Type II pinealocytes do not have distinct

droplets but contain phospholipids within the cytoplasm that stain with orange G.
"Synaptic ribbons and spherules" are found throughout the pineal gland but
may be separately localized to two pinealocyte populations (Vollrath et al., 1983).
One hypothesis is that they are involved in intercellular communication between
pinealocytes. Another proposes that these ribbons are important for sympathetic
stimulation of pinealocytes. The number of synaptic ribbons in the gland are found
to be inversely proportional to the number of adrenergic nerve endings (Karasek
et al., 1983).
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While some authors suggest that pineal interstitial cells should include
astrocytes, oligodendrocytes, mononuclear phagocytes, and ependymal cells,
others believe that only astrocytes and oligodendrocytes are actually found in the
gland. Luo et al. (1984) indicate that the interstitial cells found in the rat gland are
predominantly astrocytes, with some oligodendrocytes closer to the stalk and
proximal part of the superficial gland. Sheridan and Reiter (1968) suggest that
the deep part of the hamster pineal gland contains greater numbers of astrocytes.
They further state that astrocytes in the superficial gland are localized to the
perivascular spaces.
A relationship between pinealocyte morphology and function has long been
suspected. Fechner (1986) described how "nucleolus-like" bodies (perhaps Nissl
bodies?) within pinealocyte cytoplasm are found in greater quantities in sexually
active long-day Djungarian hamsters, in lesser numbers in sexually inactive shortday animals, and may be related to secretory activities of the gland. Revet and
Kuyper (1978) state that most mammalian pinealocytes responsive to photoperiod
have two different types of secretory processes. One is characterized by granular
vesicles packaged by golgi and the other by proteinaceous vesicles released
directly from the RER.

Both processes appear to be under the control of

sympathetic fibers.
At least one species does not exhibit two secretory processes - the Golden
mole. Unlike other rodents, the Golden mole does not have seasonal breeding
habits brought about by variation in lighting but rather has year-round breeding
(Revet and Kuyper, 1978). The pineal gland secretory mechanism of another year-
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round breeder, the laboratory rat, is not yet understood.
Age is an important factor in the accumulation of copora arenacea (brain
sand) in the pineal glands of many species and particularly in the human; with
increased age there is an increase in both the number and the volume occupied
by corpora arenacea (Welsh, 1985). In the Mongolian gerbil, extracellular pineal
calcifications are the result of intracellular mineralization and eventual destruction
of the cell (Krstic, 1986).

Rats, however, do not readily demonstrate these

concretions.

Innervation: Innervation of the mammalian pineal gland is from sympathetic fibers
arising in the superior cervical ganglion. These fibers travel with the internal carotid
plexus to the tentorium cerebelli where they enter the apex of the gland bilaterally
as nervi conarii (Kappers, 1983b).

The sympathetic nerves terminate in

perivascular areas and some fibers continue into the stalk (Reiter, 1981). There
they release norepinephrine which binds to S-adrenergic receptors on pinealocyte
membranes (Deguchi, 1973). Sympathetic projections are also noted extending
from the gland into the medial habenular nucleus and lamina intercalaris (Bowers
et al., 1984).
Environmental photoperiod cues pass from the retina to the suprachiasmatic
nucleus (SCN) via the optic nerve. Neurons conveying these stimuli from the SCN
were thought to communicate with the superior cervical ganglion (Moore and
Eichler, 1976).

Recent information, however, indicates that neurons carrying

photoperiod signals pass from the SCN to the paraventricular nucleus (PVN), and
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from there projections are sent to the intermediolateral cell column of the spinal
cord (Don Carlos and Finkelstein,

1987).

Fibers originating from the

intermediolateral cell column synapse on the sympathetic cell bodies in the superior
cervical ganglion (SGN); sympathetic axons travel with the carotid plexus bilaterally
to the apex of the pineal gland (Kappers, 1960).
The extent of central innervation of the gland is unclear, yet it probably
varies among species. Electrophysiological work in the guinea-pig pineal gland
suggests that the habenular nucleus influences activity of the pineal gland (Semm
et al., 1981). Ronnekleiv and Moller (1979) earlier concluded that that nerves from
the habenular region terminate in the gland.

Even after superior cervical

ganglionectomy (SCG) in rats and hamsters, some myelinated fibers containing
clear vesicles persist in the superficial gland and are only lost after cutting the stalk
(Pfister et al., 1975). In another study, light stimuli were still able to affect rat pineal
function even after SCG (Schapiro and Salas, 1971).
On the other hand, Patrickson and Smith (1987) determined by horseradish
peroxidase (HRP) injections that rat innervation is solely sympathetic in origin. Luo
et al. (1984) assert that in the rat pineal stalk, unmyelinated and small neurons of
central origin either terminate in the stalk or loop and return to the habenular
commissure. Kappers (1960) also notes "hairpin looping" of fibers to and from the
habenular nucleus.

Development:

Pinealocytes, as well as other neuroendocrine tissues and

neurons, are derived from neuroectoderm.

According to Deck (1986), the
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neuroectoderm bordering the third ventricle and rostral to the posterior
commissure progressively thickens. This process proceeds similarly in the rat and
hamster, with a slight variation in timing,

The hamster neuroectodermal

proliferation begins around prenatal day 12, whereas the rat pineal growth starts
at day 14 (Clabough, 1973). By day 14 (16 in rat), the undifferentiated cells have
enlongated in a dorsocaudal direction and an out pouching of the third ventricle
forms a rudimentary epiphyseal recess (Ueck, 1986). At birth (hamster - day 18,
rat - day 22), pinealocyte proliferation has swollen the distal end of the gland.
Pinealocyte hypertrophy can continue to increase pineal volume until postnatal
week 12 (Quay, 1974). Over the first two weeks postnatally, the rat epiphyseal
recess closes and the margins form a stalk connecting deep and superificial
portions of the gland (Kappers, 1960). The hamster stalk forms under the same
conditions as the rat, but it may separate into islands of parenchymal tissue strung
between deep and superficial glands (Sheridan and Rollag, 1983).
Rat and hamster sympathetic innervation and metabolism of serotonin
develop in similar patterns (Klein and Lines, 1969).

Formaldehyde-induced

norepinephrine fluorescence is seen in the rat pineal gland at two days of age. By
postnatal day 11, the rat gland appears similar to adults with respect to
sympathetic innervation and serotonin content (Trakulrungsi and Yeager, 1977).
Although Djungarian hamster pineal gland morpholgy has not been
extensively investigated, van Veen et al. (1978) has studied the postnatal
development of neuronal projections to and serotonin metabolism (melatonin
production inferred) in the superficial gland of this animal. By postnatal day one,
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sympathetic nerves are at the pineal capsule but have not yet penetrated and
serotonin is not yet present; day five, fibers have penetrated throughout the gland,
stalk, and lamina intercalaris; day ten, sympathetic distribution is similar to day 5
but serotonin fluorescence is first seen; and at day 15 and through to the
adulthood, serotonin is localized to the perikarya of pinealocytes and its
fluorescence masks norepinephrine in the sympathetic fibers.
Calvo and Boya (1983) observed that rat pinealocytes differentiate into type
I and II cells by the third day after birth; type I cells predominate until 60 days of
age.

Functional Activity
Indole and peptide synthesis: The best understood activity of the pineal gland
is the synthesis of melatonin.

The amino acid tryptophan is taken up by

pinealocytes and converted to serotonin by way of intermediate hydroxylation to
5-hydroxytryptophan and subsequent decarboxylation. In the rate limiting step,
serotonin is then converted to N-acetylserotonin by N-acety(transferase (SNAT).
N-acteylserotonin is methylated by the enzyme hydroxyindole-O-methyltransferase
(HIOMT) to become melatonin (Reiter, 1981). Shein and Wurtman (1969) have
demonstrated the positive

influence cAMP has on pinealocyte production of

melatonin and serotonin.
Not only is melatonin synthesized in the pineal gland, but evidence indicates
that the retina also produces a significant amount (Wiechmann, 1986).
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Melatonin’s antigonadotropic effects are most likely mediated by other
endocrine systems. Pinealocytes release melatonin by “ependymal secretion" into
the blood stream (Revet, 1981), i.e., release of material directly from the rough
endoplasmic reticulum without involvement of the Golgi complex. Pineal melatonin
appears to have its antigonadotropic effect by controlling gonadotropic hormone
synthesis and release by the hypothalamus (Benson and Ebels, 1981).
Melatonin concentrations in plasma and urine can be measured directly.
For the pineal gland, melatonin is often indirectly measured by SNAT content. Ho
et al.(1984) confirmed earlier observations (Wilkinson and Arendt, 1976) that SNAT
parallels melatonin increase and decrease under different photoperiod conditions.
SNAT activity is stimulated by norepinephrine (Chan and Ebadi, 1980). Superior
cervical ganglionectomy prevents nighttime increases of SNAT preceding increased
melatonin production in Djungarian hamsters (Hoffmann, 1979). Catecholamine
synthesis as measured by tyrosine hydroxylase activity in rat and hamster pineal
glands increases significantly in both species at night (2400hrs); the actual content
of norepinephrine does not change (Craft et al., 1984).
Pineal content of serotonin is greater than that found in any other organ
(Quay, 1963).

While SNAT levels are greatest during nocturnal melatonin

production, serotonin concentrations are greatest during the day. Serotonin is
produced and sequestered in pinealocytes during the day; levels fall as SNAT
converts it to N-acetylserotonin (Klein, 1985).

Microelectrophoretically applied

serotonin depresses guinea pig pinealocyte spontaneous electrical activity (Semm
and Vollrath, 1982).
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Several other indoles are synthesized via the melatonin pathway, e.g.,
serotonin acted on by monoamine oxidase (MAO) to eventually form 5methoxytryptophol and 5-methoxyindole acetic acid is produced from Nacetylserotonin. In rats, 5-methoxytryptophol has a similar effect on the estrous
cycle as does melatonin (Reiter, 1981). This indole is less effective, however, in
hamsters.

Although melatonin and 5-methoxytryptophol promote increased

electrical activity in different pinealocyte populations, Semm and Vollrath (1982)
also believe that they both synchronize pinealocytes to form functional circuits.
Pevet (1982) asserts that methoxyindoles do not account for all the activity
present in the pineal gland, rather peptides and proteins may also play important
roles. Among those peptides are arginine vasotocin, vasopressin, oxytocin, LHRH,
somatostatin, angiotensin II, and thyroid releasing hormone (TRH). The pineal
gland, in addition, may be a target organ of some of these substances (Pevet,
1982). Tanaka et al. (1986) have identified thyroxine S’-deiodinase in the rat pineal
gland and suggest that it is related to thyroid hormone regulation of pineal activity.

Photoperiodism:

While the laboratory rat has been viewed as relatively

nonresponsive to photoperiod manipulation, some work indicates otherwise. Rat
pinealocytes are not directly sensitive to light: cultured pinealocytes do not respond
to either continuous light or darkness, but do synthesize methoxyindoles under
norepinephrine influence (Cardinal! et al., 1973). Fiske et al. (1960,1962) report
that the glands of Sprague-Dawley rats kept in continuous light were significantly
smaller than those of animals kept under either continuous darkness or natural
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lighting. Young female rats exposed to either continuous light or darkness exhibit
distinct differences in pinealocyte morphology (Roth et al., 1962). It is noted that
pineal parenchymal cells of animals exposed to continuous light tend to be
functionally inhibited" - as evidenced by 20 to 30% smaller size, fewer nucleoli, and
a smaller amount of cytoplasmic basophilia (an indicator of protein synthesis). Rat
pineal response to photic stimulation does not begin until 20 days of age (Schapiro
and Salas, 1971) despite seemingly complete sympathetic innervation of the gland
by postnatal day 11 (Trakulrungsi and Yeager, 1977).
Physiological manipulation renders rats responsive to photoperiod changes.
Either olfactory bulbectomy (Reiter et al., 1971) or exogenously supplied
testosterone (Wallen and Turek, 1981) are found to make rats more susceptible to
the effects of short photoperiods. Wallen et al. (1987) found rat testes involute
after testosterone treatment and exposure to a short photoperiod (6L:18D).
Djungarian hamsters are considered to be very responsive to photoperiod
variation. A long photoperiod in the Djungarian hamster promotes mature testes,
normal body weight, and a gray/brown summertime pelage. A short photoperiod
results in smaller testes, decreased body weight, and white wintertime pelage
(Hoffmann, 1973; Figala et al., 1973). The testes of hamsters raised in a short
photoperiod environment (8L:16D) remain small and immature until approximately
130 days of age; after 180 days puberty begins (Hoffmann, 1978). Yellon and
Goldman (1984) report that a short photoperiod (10L14D) reduces gonadotropin
secretions which in turn prevent testes maturation.
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While Djungarian hamsters generally respond well to photoperiod
manipulation, some exceptions do occur. An inbred strain is insensitive to short
photoperiods (Lynch and Lynch, 1986; Puchalski and Lynch, 1988) and therefore
unable to adapt to seasonal lighting changes.

In one study, juvenile hamster

testes attained maturity regardless of photoperiod. Moreover, adult testes required
a minimum of 12.5 hours of light to maintain spermatogenesis (Hoffmann, 1979).
Hoffmann et al. (1986) report that the change in direction and duration of
the melatonin peak, rather than absolute time duration, has the greatest effect on
Djungrain hamster photoperiodic gonad response. Illnerova et al. (1984) observed
that the Djungarian hamster melatonin pattern responds to a newly introduced
photoperiod after two weeks; full recognition of the new photoperiod may not be
forthcoming until six weeks or later.
In the Djungarian hamster, at least, maternal photic environment initially
entrains the newborn’s circadian rhythm. Newborn hamster pineal melatonin levels
are susceptible to light manipulation by the second week of life (Tamarkin et al.,
1980). Deguchi (1975) discerned a maternal entrainment of newborn rat NATase
activity. Further investigation demonstrated a similar rhythmicity for corticosterone
(Takahashi and Deguchi, 1983). Golden hamster weanlings exhibit a maternally
entrained rhythmicity that continues for some time despite environmental lighting
changes (Davis and Gorski, 1985). In the maturing Djungarian hamster, exposure
to a long photoperiod (16L) results in testicular growth while exposure to a short
photoperiod (12L) inhibits testicular growth,

Animals exposed to a 14L

photoperiod, on the other hand, develop testes consistent with those of animals
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exposed to the same photoperiod their mothers experienced during pregnancy
(Stetson et alM 1986). Maternal nighttime elevation of melatonin has the greatest
effect in entraining newborn circadian rhythm during the period three to five days
before birth (Weaver et al., 1987).
Light may not be the ultimate zeitgeber but it provides clues for the internal
regulation of the body.

In his 1979 paper, Hoffmann recounts connections

between photoperiod and Djungarian hamster physiological adaptation. Increased
photic stimulation not only inhibits melatonin production but also stimulates repro
ductive activity.

Melatonin has its greatest effect on photoperiodic responsive

animals and poorest on nonphotoperiodic sensitive animals. Temperature and diet
may also accentuate photoperiodic effects on animals.

Markers of Pinealocyte Function
Succinate dehydrogenase, an enzyme of the TCA cycle, has been found at
high levels in one group of pinealocytes (Tapp et al., 1973). Miline et al. (1969, as
reported by Vollrath, 1981) demonstrated regional localization of non-specific
esterase in rat pineal gland to the periphery and proximal part of the gland.
Immunolocalization of the enzyme HIOMT in the bovine pineal exhibits a mosaic
pattern of intensely and poorly stained pinealocytes. HIOMT and NSE are localized
to and absent from the same pinealocytes (Kuwano et al., 1983). Retinal S-antigen
(Korf et al., 1985) and NSE (McClure et al., 1986) exhibit similar proximal to distal
immunohistochemical gradients. Retinal S-antigen is bound to the internal leaflet
of the cell membrane near the site of adrenergic receptors, and is thought to act
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as a phosphorylator of rhodopsin (Somers and Klein, 1984). The enzyme NSE
may reflect regional variations in functional activity (McClure et al., 1986).
Pinealocytes contain microspectrophotometrically assayable amounts of
opsin proteins.

Oksche (1984) believes pineal opsins may indicate a closer

relationship to photoreceptor organs than previously thought.
Two forms of monamine oxidase (MAO) were localized (A and B) by either
tetranitro blue tetrazolium (TNBT) or coupled peroxidase (PerOx) methods. In the
rat superficial gland, localization by TNBT revealed that MAO A is approximately
equal in distribution to MAO B. The PerOx method on the other hand indicated
that rat pineal MAO B was found in greater amounts than A (Uchida et al., 1984).

Enolase Isoenzymes
Biochemistry:

The glycolytic enzyme enolase catalyzes the conversion of 2-

phosphoglycerate to phosphoenolpyruvate. As a required cofactor, magnesium
imparts stability to enolase isoenzyme subunits (White et al., 1978). Four of the
five known isoenzymes are homodimers, and one is a heterodimer,

The

isoenzyme’s names indicate their specific tissue localization and include: neuronspecific (NSE), non-neuronal (NNE), hybrid (from NNE and NSE subunits), liver,
and muscle enolases (Bock and Dissing, 1975; Bock et al., 1978; Keller et al.,
1981; Marangos et al., 1978a; Rider et al., 1974). Homodimer NNE is localized to
CNS glia and considered homologous to liver enolase, while homodimer NSE and
heterodimer hybrid enolases are found in neurons and neuroendocrine tissues
(Ghandour et al., 1981; Haan et al., 1982; Marangos et al., 1979,1982; Moore,
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1973; Schmechel et al., 1978a, 1980b) and possibly in erythrocytes and platelets
(Hullin et al., 1980; Kato and Satoh, 1983).
CNS biochemical and developmental characteristics of NSE, NNE, and
hybrid enolase have been extensively investigated. The NSE isoenzyme is found
to be more stable than NNE under temperature inactivation, pH variation, urea and
potassium salt treatment (Jorgensen et al., 1982; Marangos et al., 1978b). Axonal
transport of NSE is reported to occur (Kato et al., 1983; Pickel et al., 1976) at a
rate of two to four millimeters/day with the molecules of slow-component b (SCb)
(Brady and Lasek, 1981; Erickson and Moore, 1980). Although the hybrid enolase
has been thought to originate from homodimer subunit dissociation resulting from
tissue homogenization (Marangos et al., 1978a), others report it to be found in vivo
(Jorgensen et al., 1982; Marangos et al., 1982).
To explain observations in developing neurons, some investigators have
hypothesized that the NNE gene is first expressed then later repressed as the NSE
gene is induced in maturing cells (Fletcher et al., 1976; Jorgensen et al., 1982;
Marangos et al., 1980; Pearce et al., 1976; Schmechel et al., 19801,b). Rat whole
brain levels of NNE are close to adult concentrations by postnatal day 15; NSE
levels rise sharply from postnatal day 10 to adult concentrations at postnatal day
40 (Marangos et al., 1980).

The developmental profile in the pineal gland is

presumed to follow that of neurons, but has yet to be ascertained.
Cellular concentrations and localization of the NSE antigen vary within neural
tissues and may reflect greater cellular differentiation and functional activity. Kirino
et al. (1983) proposed that the NSE/NNE concetration ratio in nerves could be an
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indicator of regeneration in damaged nerves,

They found that damaged

hypoglossal nerve reverts to production of NNE. As the nerves regenerate, the
concentration of NSE gradually moves toward levels found in the mature nerve.
While greater NSE concentrations are found in more "developmentally mature"
neurons (Cicero et al., 1970,1972; Jorgensen et al., 1982; Marangos et al., 1979;
Marangos, 1987; Schmechel et al., 1978b, 1980a), the hybrid enolase is suspected
to be found in less differentiated neurons as the result of partial induction of both
NNE and NSE genes (Marangos, 1987; Schmechel et al., 1980a,b).

Localization:

Although specific polyclonal antisera are raised in a host against

one homodimer, it will also localize the heterodimer. Still, immunohistochemical
localization of NSE and NNE is useful for marking different tissues (Marangos,
1987).

Astrocytes, oligodendrocytes, and ependymal cells stain for the NNE

antigen (Ghandour et al., 1981; Marangos et al., 1978a; Schmechel er al., 1980b;
Trapp et al., 1981). Characteristic NSE localization is noted in perikarya of cerebral
neurons,

cerebellar

Purkinje,

granule,

stellate,

and

basket

cells,

and

neuroendocrine tissues such as adrenal medullary chromaffin cells, thyroid
parafollicular cells, pituicytes, and pinealocytes (Marangos et al., 1979,1982;
Schmechel et al., 1978a,b, 1980a; Trapp et al. 1981; Parfitt et ai.,1972; Vinores et
al., 1984). Although polyclonal antisera against NSE and NNE subunits do not
cross-react (Keller et al., 1981; Schmechel et al., 1978a), double-labelling of
stellate/basket cells and some neurons by both anitsera indicates localization of
the hybrid enolase (Hullin et al., 1980; Kato et al., 1981c,1982; Schmechel et al.,

19
1978a, 1980b).
Cross-species NSE antisera interaction is good for most animals, but antiavian and anti-rat sera have only partial identity to other species (Kato et al., 1981a;
Keller et al.,1981; Marangos et al.,1975,1977; Moore and Perez, 1968; Vinores et
al., 1984).
The neuroendocrine pineal gland exhibits enolase isoenzyme concentrations
and variable immunohistochemical localization among neighboring cells similar to
that in the cerebrum and cerebellum (Trapp et al., 1981). Concentrations of NSE
and NNE antigen (presumably demonstrating the hybrid enolase) in monkey,
human, and rat glands rival those found in the forebrain (Marangos et al., 1979;
Schmechel et al., 1978b,1980b).
Originally thought to arise from poor or improper tissue fixation, variable
immunohistochemical localization of NSE among neighboring neurons is noted by
several investigators (Pickel et al., 1976; Schmechel et al., 1978b,1980a; Trapp et
al., 1981). NSE immunohistochemical staining is evenly distributed throughout the
perikarya of a neuron. Current indications are that greater cellular concentration
of the antigen occur because of increased functional activity brought about by
increase physiological needs (Jorgensen et al., 1979,1982; Marangos et al.,
1978a,b,1979,1982; Schmechel et al., 1980a,b; Trapp et al., 1981; Vinores et al.,
1984). To this end, Kato et al. (1981a) have shown that the addition of cAMP or
prostaglandin E1 with theophylline to hybrid neuron cultures results in an increased
NSE content over several days.
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The NSE and HIOMT antigens are localized to the same groups of bovine
pinealocytes (Kuwano et al., 1983).

"Scattered" dendritic cells gave positive

reactions to the S-100 antisera, but they did not stain for either HIOMT or NSE.
They also refer to Cimino et al. (1977) to substantiate that not all neurons stain for
NSE (Kuwano et al., 1983). Another enzyme, retinal S-antigen (considered similar
to rhodopsin kinase), exhibits a distribution in the rat (Korf et al., 1985) similar to
that reported with NSE.
Rat pinealocytes demonstrate variable NSE antigen staining among
neighboring cells (McClure et al., 1986; Parfitt et al., 1972), and is hypothesized to
be an indicator of varying functional activity brought about by sympathetically
mediated photoperiod cues (McClure et al., 1986).

Aims and Significance
Some unanswered questions raised by this literature review include the
following: One, how does enzyme localization in pinealocytes relate to functional
activity as stimulated or depressed by photoperiod; Two, does a photoperiod
sensitive animal (Djungarian hamster) exhibit similar patterns of enzyme localization
as does a relatively nonsensitive animal (albino rat); Three, does the heterogenic
localization of NSE, specifically, reflect functionally different populations of
pinealocytes; Four, do NSE and NNE have developmental profiles in the pineal
gland similar to CNS neurons, or does the hybrid enolase persist into adulthood;
and Five, what are the characteristics of Djungarian hamster pineal morphology?
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Antibodies to two enolase isoenzymes can be employed to help investigate
pineal functional activity and structure because of the unique properties of the
enzymes. The neuron-specific enolase (NSE) antigen is an immunohistochemical
indicator of neurons and neuroendocrine tissues. Its concentration is believed to
vary according to longterm glycolytic requirements brought about by electrical
stimulation.

Neurons

and

neuroendocrine pinealocytes exhibit variable

immunohistochemical localization of the NSE antigen. Moreover, an increasing
proximal to distal gradient has been observed in the rat superficial pineal gland.
Neuroendocrine cells also contain the non-neuronal enolase (NNE) antigen, which
together with NSE antigen may actually indicate the hybrid enolase.
Djungarian hamsters and albino rats respond differently to photoperiod
manipulation despite similar gross morphology. The responsiveness of the former
to photoperiod manipulation is well documented while the latter is reported to be
relatively unresponsive to photoperiod.
Since processing information from environmental photoperiod cues is the
best understood functional activity of the pineal, it is imperative to employ some
aspect of photoperiod when trying to discern new information about pinealocyte
structural and functional heterogeneity. The present study undertakes to evaluate
the effects of long days (hamster 16L:8D, rat 12L:12D) or short days (both 6L18D)
on pinealocyte structure and functional activity as represented by enolase
isoenzyme assay and localization in two rodent species. Furthermore, this study
will describe the effects of photoperiod on gland development in Djungarian
hamsters.
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Based on current understanding of pineal structure and function, as well as
NSE and NNE immunolocalization, the following results are expected:

One,

comparison of a nonphotoperiod responsive model (rat) to a photosensitive one
(Djungarian hamster) subjected to photoperiod manipulation will reveal whether
NSE

reflects

pinealocyte functional

activity;

Two,

the heterogenous

immunostaining of the NSE antigen reported in the rat will also be seen in the
Djungarian hamster; Three, the Djungarian hamster will also demonstrate the
regional immunohistochemical localization of NSE observed in the rat; Four, the
NSE immunostaining gradient in the rat reflects an actual isoenzyme concentration
difference between the two poles; Five, NSE and NNE antigen are localized to and
absent from the same population of pinealocytes, inferring the presence of the
hybrid enolase in both species; and Six, the Djungarian hamster superficial gland
has a postnatal histological developmental profile different from rats and other
strains of hamsters.

MATERIALS AND METHODS

Experimental Design
Even though photoperiod is the common denominator, the present study
was undertaken in two major steps.

The first involved histochemical,

immunohistochemical, and soluble protein fraction analysis of Djungarian hamster
pineal gland development.

The second component explored the effect of

photoperiod on pineal morphology, immunohistochemistry, NSE concentration, and
soluble protein fraction in Sprague-Dawley rats and Djungarian hamsters. Rather
than repeatedly list procedures for each component, each will be described under
its own heading and nuances noted for one or the other experiment.

Animals and Environment
A total of 66 male Sprague-Dawley rats (Harlan) and 292 male Djungarian
hamsters of various ages were used in the developmental and photoperiod studies.
Portions of the photoperiod component were repeated to confirm observations.
Weanling (22 days old) and adult rats (40 days or older) were kept three per
half-stock cage on either a standard lighting schedule (12L:12D, lights on at 0700h)
or short lighting schedule (6L18D, lights on at 0600h) for four weeks in the late
autumn. Upon receipt of shipment, rats were allowed to acclimatize for five days
under standard conditions prior to photoperiod manipulation,

Selected

photoperiods and time of exposure were repeated in animals of both species
approximately six months later (late spring).
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Hamsters were housed at a maximum of 10 per shoe-box cage for
weanlings (18-20 days old) and 7 per cage for adults (40 days or older).
Weanlings and adults were exposed to specific lighting for periods of four or eight
weeks, i.e., either a long lighting schedule (16L:8D, lights on at 0700h) or short
lighting schedule (6L:18D, lights on at 0600h). Each group was exposed to artificial
lighting (average 110 lux) in sealed rooms.
For the developmental study, a breeding colony of Djungarian hamsters was
established and housed under a 16L8D lighting condition.

Mating pairs were

checked every other day for litters. When litters were found, the parents’ diet was
supplemented with a tablespoonful of sunflower seeds per cage to prevent
cannibalism.

Some parents and newborn were moved to the 6L:18D room

dependent upon experimental needs. The remainder were kept in the 16L8D
room.
All animals received food and water ad libitum.
Animals were ether anesthetized and sacrificed between 1200h and 1430h.
For the hamster developmental component, superficial glands were harvested at
10, 15, 25, 60, and 120 days. Both rat and hamster pineal glands were removed
at the end of the four or eight week experiments. Those animals whose pineal
glands were destined for immunohistochemical study were perfused, while others
whose glands were intended for assays were decapitated.

Body and testes

weights were also measured to evaluate animal response to photoperiod
manipulation.
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Processing fgr Histochemistry and immunohistochemistry
Perfusion and tissue handling: Animals were perfused through the ascending
aorta with the optimum fixative for NSE (Schmechel, et. al.,1980; McClure et al.,
1986). The fixative consisted of 4% paraformaldehyde, 1% purified glutaraldehyde,
0.2% picric acid, 0.1 M sodium acetate buffer at pH 6, and 1.5% sucrose. Fixative
pressure was raised to 310 mmHg initially and allowed to slowly drop to a
maintenance pressure of 100 mmHg. Rats were perfused with 300 mis each while
hamsters received 100 mis each. Animals were left intact for at least two hours,
after which the superficial pineal gland and stalk were removed from each animal
and placed in fixative for an additional four hours. The fixative was replaced by
the the same buffer as used in the fixative and left over night.

Embedment and sectioning: Tissues were dehydrated through a graded acetone
series (40%, 75%, 95%, and 100%) of two washes at 10 minutes each. Acetone
was cleared from the tissues by three 10 minute washes of propylene oxide. Each
gland was then placed in a 1:2 mixture of propylene oxide to Epon for two hours.
This was followed by an overnight incubation in 1:1 propylene oxide/Epon mixture.
In the morning, pineal glands were placed in 100% Epon for a minimum of two
hours. The Epon was later decanted and fresh Epon introduced. Glands and
Epon were allowed to cure in inverted Beem™ capsules for 72 hours in a 60° C
oven.
The Epon mixture consisted of 4.74 gms Epon-812™, 3.77 gms DDSA, 1.39
gms NMA, and 0.15gms DMP-30 for a total weight of 10 grams (Hayat, 1972).
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Parasagittal, semi-thin sections (1.2 um) were cut with a glass knife from the
Epon block on a Porter-Blum ultramictratome (MT-2). These sections were floated
onto Haupt’s adhesive coated glass microscope slides and allowed to dry on a 50°
C slide warmer. Slides were numbered and allowed to dry overnight in a 55° C
oven containing vapors from a 1% formaldehyde solution.

Immunohistochemistry: Rat and hamster sections were immunohistochemically
stained under the same procedure. In preparation for antibody staining, the Epon
was removed from each section by the method of Hogan and Smith (1982).
Sections were submersed for 20 minutes in a mixture of equal parts benzene,
acetone, and methanolic potassium hydroxide.

The sections were rinsed in

methanol and then submersed in a 1% acetic acid/methanol solution for one
minute. They were again rinsed in methanol and then rehydrated to phosphate
buffered saline (PBS).
Rabbit anti-rat NSE as well as rabbit anti-human NSE sera were purchased
from Polysciences.

Rabbit anti-rat NNE sera were provided by Dr. Paul J.

Marangos. Rabbit anti-rat glial acidic fibrillary protein (GFAP) was purchased from
Sigma Chemicals.
Staining for NSE, NNE, and GFAP were performed under the same
conditions, i.e., a cold method modified from Sofroniew and Schrell (1986). In this
procedure, the avidin-biotin complex (ABC, Vectastain, Vector Labs) incubation
was carried out at 4° C. All solutions were diluted in 50-60 mis PBS. Sodium azide
(0.02%) was added to normal goat sera and all primary antisera. All sections were
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fully submersed in the incubation media. When with repeated use the ability of the
solutions to react with tissues weakened, each was supplemented with fresh sera
or ABC solutions according to the protocol of Sofroniew and Schrell (1986). The
ABC was visualized with a diaminobenzidene (DAB)/H202 solution.
The procedure for staining was as follows:
1. 45 minute incubation in normal goat serum;
2. 72 hour incubation in primary antisera (1:1000 dilution);
3. one 10 minute PBS wash (60 mis);
4. 45 min incubation with biotinylated anti-rabbit sera;
5. one 10 minute PBS wash (60 mis);
6. 60 minute incubation with avidin-biotin-peroxidase complex;
7. one 10 minute PBS wash (60 mis);
8. incubation with DAB/H202 for five minutes;
9. one five minute PBS wash (60 mis).

The sections were dehydrated through a graded alcohol series (50%, 75%, 100%),
cleared with HemoDe™, and mounted with a coverslip.
Controls were run simultaneously with sections immunohistochemically
stained for NSE and NNE. The only difference in processing of the controls was
the incubation of tissue sections with preimmune serum rather than anti-NSE or
NNE sera. Endogenous peroxidase activity was evaluted by adding a DAB/H202
solution to a pineal gland tissue section.
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The relative amount of staining for either NSE or NNE antigens was
determined for both rat and hamster pineal sections. This was performed using
a microphotometer attached to a Zeiss Photomicroscope I. Values were expressed
in terms of relative intensity, which is proportional to percent transmission of light
and inversely related to optical density, e.g., a small relative intensity value
indicates that less light is able to pass through a given area.
The

procedures below were followed to obtain

relative intensity

measurements from rat and hamster sections stained for NSE and NNE.
1. A minimum of four different rat pineal glands and three different hamster
glands per group were evaluated;
2. slides were examined under oil immersion at 31 OX total magnification
(10X eye piece, a 1.25X intermediate lens and a 25X Zeiss Plan-Neofluar
objective-N.A. 0.8);
3. microphotometer aperture equivalent diameter was 15 urns;
4. the aperture was moved 20 urn along each of three parallel lines (40 urn
apart) from the distal to proximal pole of the gland;
5. if the aperture came to rest in a vessel, the stage was moved an
additional 5 um perpendicular to the long axis of the vessel until outside the
vessel; this was done because the photomultiplier tube would detect
unobstructed light and erroneously average that with the desired relative
intensity of the stained tissue;
6. lipid droplet aggregations, primarily in the rat pineal gland sections, were
also avoided.
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Histochemistry: Regardless of experiment, at least one pineal section from every
animal was stained with hematoxylin. In the developmental study, most animals
had one section stained for periodic acid-Schiff (PAS) reaction. Epon was removed
(Hogan and Smith, 1982) from all sections prior to staining with hematoxylin or
PAS.
Tissue sections were hydrated to PBS, then immersed in Gill’s hematoxylin
for two minutes. Slides were rinsed in running tap water, dehydrated, and mounted
with a coverslip.
PAS staining was achieved by the method of Lillie and Fullmer (1976). The
following steps were followed:
1. Slides were immersed in 1% periodic acid for 5 minutes;
2. 5 minute rinse in running tap water;
3. 10 minute incubation in Schiff reagent;
4. three baths (2 minutes each) in 0.52% NaHS03;
5. 10 minute wash in running tap water;
6. counterstained with hematoxylin for 2 minutes;
7. rinsed in running tap water, dehydrated, and mounted with coverslip.

Nuclei and blood vessel volume fractions: Hematoxylin stained rat glands were
viewed under oil immersion at a total magnification of 1000X (10X eye piece and
100X objective). A 10X10 mm reticle divided into 100 square mm was placed in
one eye piece. All intersections of the reticle within the boundary of the gland were
evaluated, and only those lying on nuclei or vessels were counted. To prevent
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overlapping counts, nuclei or vessels at intersections on the bottom and left
borders were excluded.

A new field of reference was chosen by moving the

bottom border of the reticle to the position of the top border of the previous field.
The total number of nuclei or vessel counts per field per region was divided
by the total number of intersections evaluated. This value was termed nuclear
volume fraction for nuclei counts, and called blood vessel volume fraction for the
vessel counts.

Processing for Assays
Tissue handling: Rat and hamster pineal glands were removed immediately after
decapitation and placed in an empty 1.5 um microcentrifuge tube,

The

microcentrifuge tube was in turn placed in an ice bath. Superficial gland wet weight
was measured after all animals from the same group (sacrificed at the same time)
were collected. Glands were gently cradled in a pair of microsurgical forceps and
dabbed on moistened filter paper to remove excess fluid. The glands were then
placed on a tared aluminum pan and weighed in a Cahn 28 Electrobalance.
Rat pineals destined for radioimmunoassay (RIA) were cut at a point midway
between the distal and proximal poles. Halves were placed in separately marked
microcentrifuge tubes while whole glands were returned to the same tubes.
Samples were frozen in a -70° C freezer for later processing.
When several groups of pineal glands were collected, the frozen tissues
were thawed. Samples were homogenized in their microcentrifuge tubes after 0.5
ml of cold 0.02 M Tris phospate buffer was added. An additional 1.0 ml of buffer
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was added for a final homogenate volume of 1.5 mis. The sample was centrifuged
at 3000 rpm for 30 minutes (4° C) in a Sorvall RC-3B centrifuge to remove
particulate matter. Supernatants bound for RIA study were centrifuged again on
a Beckman L3-50 Ultracentrifuge at 45,000 rpm (approx. 100,000 G) for 30
minutes. Fresh supernatant was used for protein assay, while the remainder was
frozen at -70° C for further study in RIA and electrophoresis.

Protein assay and concentration determination:
performed using Bio-Rad’s Protein Assay kit.

The protein assay was

For both rat and hamster, the

microassay procedure was followed:
1. 0.8 ml of sample was added to 0.2 ml of dye reagent concentrate in the
kit’s microassay;
2. sample and dye were gently mixed by inversion;
3. the mixture was read at OD595 (after 5 minutes to one hour).

A Gilford Stasar II "sipping" colorimeter was used to determine optical
densities. Known amounts of protein standard (2.0, 4.0, 6.4, 8.8, 12.8, 16.0, and
22.4 ugs) were analyzed to create a standard curve.

Radioimmunoassay: Frozen centrifuged pineal extracts were sent via overnight
courier to Dr. Paul J. Marangos, Chief (former), Unit on Neurochemistry, Biological
Psychiatry Branch, NIMH, Bethesda, Maryland. There, the samples underwent
radioimmunoassay for NSE content.

As mentioned previously, rat samples
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included superficial pineal glands separated into distal and proximal portions and
included adult animals subjected to the 12h or 6h lighting schedule. This was done
in an attempt to correlate actual concentration to the immunohistochemical gradient
previously observed (McClure, et al., 1986). Hamster samples involved only whole
glands, encompassing adult and weanling animals subjected to either 4 or 8 weeks
of the 16L8D or 6L18D lighting schedule. Since the antibody used in the assay
was rabbit anti-human NSE, the NSE concentration is expressed in nanograms
human NSE equivalents per milligram total protein (ng/mg).

Sample concentration for electrophoresis: Frozen homogenates were thawed
and pooled by group for concentrating the soluble protein fraction. For the rat, 0.6
ml was taken from each sample and pooled with supernatant from pineal glands
of animals exposed to the same lighting schedule. In 3 of the 4 groups, a total
volume of 3 ml was concentrated 15 times to approximately 0.20 ml. In the one
group, 2.4 ml was concentrated 15 times to approximately 0.15 ml. Since the final
volume of concentrated extract for each of the pooled samples was slightly
different and to accurately represent in vivo pineal proteins in the electrophoresis,
a "sample application" was calculated. The "sample application" was the actual
volume applied to the gel and calculated by dividing the desired concentration (D)
by the actual (A) and multiplying by a reference volume (V), usually about 20 uL:
(D/A) X V = actual volume applied to gel
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The method employed to concentrate the samples was the Collodion
Ultrafiltration Membrane (Schleicher and Schuell). The collodion semi-permeable
"finger" had a volume capacity of 8 ml and a total surface area of 27.79 cm2. The
minimum molecular weight cutoff was 25,000 Daltons. Each sample-filled "finger"
was placed into a vacuum flask of cold (4° C) ultrafiltered water (Nanopure,
Barnsted) and dialyzed under a vacuum of 50 mnnHg until the desired end volume
was achieved.

Electrophoresis:

Prior to applying samples to the gel, concentrated pineal

extracts were solubilized with an equal amount of SDS solubilization buffer (0.125M
Tris, 2.0% SDS, 10.0% Sucrose, and 0.01% Bromophenol blue). Samples from
weanling and adult rat pineals, subjected to either a long day or short day
photoperiod, were placed in adjacent wells so that the extracts would be
electrophoresed under the same conditions.
Approximately 40 uls of solubilized protein extract was applied to a 10cm X
10cm X 1mm 10-20% gradient precast polyacrylamide gel (Geltech).

The

molecular weight separation range of this gel is 50,000 to 200,000 Daltons. Gel
and sample were placed in a Multi-mini™ electrophoresis apparatus (Geltech)
containing 750 ml of room temperature SDS running buffer (0.025M Tris, 0.192M
Glycine, and 0.1% SDS). An HBI 3000 programmable power supply applied a
maximum current of 35 milliamps and maximum 400 volts over a 60 minute period.
After electrophoresis, gels were placed in a solution of protein fixer (22%
trichloroacetic acid, 3% sulfosalicylic acid, 22% methanol, and distilled water) for
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a minimum of two hours. The fixer was decanted and a 0.1% Coomassie brilliant
blue staining solution added and allowed to stand over night. The next day, the
gel was destained (8% acetic acid, 25% ethanol, and 67% water) in two rinses of
approximately two hours each. Gels were placed in individual bags containing 10
mis of 7.5% acetic acid and stored in the refrigerator.

Analysis
Body, testes, and pineal gland weight:

Rat and hamster body, testes, and

pineal gland weights were analyzed by individual 2-Way ANOVAs. Each had two
independent variables (light and age) with two levels (light-16L:8D, 6L18D; age
weanling/adult) with weight as the dependent variable.
In the hamster developmental study, body and testes weight were analyzed
by 2-Way ANOVAs. Each had two independent variables (light and age), but while
light had two levels (16L:8D, 6L18D), age had five levels (10, 15, 25, 60, 120).
Weight was the dependent variable.

Immunohistochemistry: Microphotometrically derived data points from each of
three parallel lines through the distal proximal axis were read as a continuum. The
lines were divided in half (into distal and proximal regions) with equal number of
data points per region per line.
To compensate for variations in section thickness, staining time, and
standardize information among animals, data points were converted to Z scores,
also known as standard scores.

Standard scores are values that represent
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distance from the mean in terms of the standard deviation. According to Hays
(1981), converting to standard scores "... does not alter the form of the
distribution." Moreover, "the frequency of any given Z score is exactly that of the
X score corresponding to it in the original distribution." The converted values were
termed "transmission standard scores". A regional mean was then calculated and
statistical comparisons between groups were made with these.
A 3-Way ANOVA (SPSS PC+ Statistical Package) was run for NSE and NNE
relative intensities for both species. Age, lighting schedule, and gland region were
the independent variables while transmission standard score was the dependent
variable.

The independent variables each had two levels, e.g., age -

adult/weanling, light schedule-12L:12D (rat) or 16L8D (hamster) and 6L:18D
(both), region-distal/proximal.

Distribution of nuclei and blood vessels: Nuclear volume fraction and blood
vessel volume fraction per pineal region were calculated for the rat pineal gland
only. Data from each was separately analyzed by a 3-Way ANOVA (SPSS PC+).
The structure of the 3-Way was the same for both volume fractions:
independent variables were age, lighting schedule, and gland region.

the

Nuclear

volume fraction or blood vessel volume fraction was the dependent variable. Age,
lighting schedule, and gland region had two levels - weanling/adult, 12h/6h,
proximal/distal regions respectively.
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Pineal soluble protein: Optical density was correlated to the amount of protein
standard so that the slope of the line, Y intercept, and amount of soluble protein
per gland could be computed. Protein concentration was calculated by dividing
the amount of soluble protein per gland by the wet weight of the pineal gland. This
value was expressed in micrograms protein per milligrams gland wet weight
(ug/mg).
Soluble protein and protein concentration per pineal gland were analyzed
in both species. A 2-Way ANOVA (CRISP Statistical Package) was run with age
and lighting schedule as the independent variables. In both species, lighting and
age had two levels (rat-12L:12D, 6L18D or hamster-16L8D, 6L18D; ageweanling/adult). The hamster development group had levels for age (10, 15, 25,
60, 120). The dependent variables were soluble protein per gland and protein
concentration in micrograms per milligram gland wet weight (ug/mg).

Rat

NSE

concentrations:

A

1-Way ANOVA

(CRISP)

was

run

on

radioimmunoassay NSE concentrations for whole rat pineal glands. Although distal
and proximal regions of the rat glands were measured individually, the regional
values per animal were pooled and then statistically evaluated. Lighting schedule
was the independent variable (two levels: 12L12D and 6L18D) and the dependent
variable was NSE concentration.
A 2-Way ANOVA (CRISP) was run on individual rat pineal gland regions to
determine differences between the distal and proximal poles. The two independent
variables were lighting schedule and region; the two levels were the 12L12D and
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6L18D photoperiods for the former, and distal and proximal regions for the latter.
The dependent variable was the NSE concentration.

Hamster NSE concentrations: For hamster whole pineal gland analysis of NSE
concentration, a 3-Way ANOVA (SPSS PC+) was run. The independent variables
were lighting schedule, age, and weeks duration of exposure. The two levels for
the lighting schedule were 16L:8D and 6L:18D; the two levels for age were
weanling and adult; 4 weeks and 8 weeks were the two levels for duration of
exposure. NSE concentration was the dependent variable.

Electrophoresis: The number and density of bands per well from a stained gel
were determined on a scanning densitometer (Beckman Du-8) at a wavelength of
610 nms and charted in millimeters from the top of the gel. The area under the
curve for each band represents the concentration of a protein or group of proteins
at a particular molecular weight range from the pineal extract. A Zeiss Videoplan
with a magnetic tablet was employed to calculate the area under each curve. The
values were normalized by dividing the area of one curve (band) by the sum of all
curves (bands) for an individual well.
For determining an approximate molecular weight, the distance from the
wells to the center of the curve for a known marker (A) was measured, as well as
the distance between adjacent markers (B). To ascertain the molecular weight
range between two known markers, the difference between two adjacent known
molecular weights (C) was divided by (B) to give a value (D). The distance from
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the well to the center of the curve for the unknown (E) was also measured. Then
the following formula was used to calculate an approximate molecular weight for
the unknown band:
Known MW - [(E - A) x D] = Unknown MW

RESULTS

Diunqarian Hamster Postnatal Development
Morphology: At all ages, the superficial pineal gland exhibited an elliptical shape
and distinct stalk. The stalk was the width of four to five pinealocytes (Figures
3&23). The glandular capsule of the distal region was intimately associated with
the vessel wall of the confluence of sinuses (Figures 33&34).
Between the ages of 10 and 25 days postnatal, sagittal sections of the
superficial gland revealed a homogeneous distribution of pinealocytes (Figure 3).
By day 60, however, two distinctive groupings of pinealocytes became evident,
e.g., one in which cells of the interior region formed lobules with intervening
connective tissue (PAS positive) (Figures 21,24,25); and another group of
columnar-like cells that formed a palisade about the periphery (Figures 19-22,25).
The general pattern seemed consistent with a cortex and medulla arrangement.
This segregation of pinealocytes was even more evident in animals of both
photoperiods at 120 days (Figures 25,26).
Several prominent interstitial cells were also noted.

They had long

processes and were found situated between the lobules of pinealocytes (Figures
24). Results of GFAP immunostaining were inconclusive as to whether these cells
were glial in origin. In the older animals, the space occupied by connective tissue
increased as the size of pinealocyte lobules decreased (Figures 25,35-37). Animals
raised in a short day environment for 120 days exhibited the extreme form of this
pattern.
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Pigmented granule containing cells were first found in the proximal region
and stalk of the gland at 10 days of age and then consistently in animals at all
developmental stages. While these cells were sometimes dispersed within the
parenchyma of the stalk (Figure 13), they were often associated with the walls of
blood vessels.
Large intracellular vacuoles were present throughout the gland (Figure 110); they were most prominent at 10 days of age.

The vacuoles contained

granular material that stained positively with antisera to NSE and NNE, as well as
preimmune serum. Endogenous peroxidase activity was not responsible for the
staining

since

sections

pretreated

with

H202

still

exhibited

NSE/NNE

immunostaining, while other sections treated with H202 and DAB alone did not
exhibit this staining. At 15 days of age, the large vacuoles were still present
throughout the pineals of both groups housed under long or short photoperiods.
Some of the vacuoles appeared devoid of contents, but this may have been
erroneous since the contents may may have changed their staining characteristics.
Other vacuoles appeared half full of stained material (Figure 14). By 25 days, very
few granulated vacuoles remained (Figure 17), and by age60 days, only one or
two larger granular vacuoles were readily seen. No vacuoles were readily identified
at 120 days of age.

Immunohistochemistry: The immunohistochemical staining of NSE and NNE in
10 day old animals housed under both photoperiods was localized to the interior
of the pineal gland and a small area of the distal part of the gland (Figures 1,2,4,5).
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The periphery exhibited only scattered staining.

In both photoperiod groups,

adjacent sections stained for either NSE or NNE antigens showed heterogenous
pinealocyte localization with some cells darkly stained while others were less
intensely stained or not at all (Figures 4,5,7,8). Although the NSE and NNE antigen
were localized to some of the same cells in adjacent sections, a number stained
for only one or the other isoenzyme.
Unlike pineal glands of 10 day animals, NSE immunostaining of glands from
15 day old animals exposed to either long or short days was localized in
pinealocytes found throughout the whole of the superficial gland (Figures 9-12).
Some glands showed a slight tendency toward regional localization for both
antigens (Figures 11&12). A mosiac pattern of pinealocyte NSE immunostaining
was very apparent at this stage; those cells staining darkly exhibited the typical
localization to the perikarya and absence from the nucleus.

While NNE

immunohistochemical localization followed the general mosiac pattern and intensity
of NSE antigen staining for long and short day photoperiods, fewer pinealocytes
were stained. This was evidenced by poorly stained areas in the interior of the
pineal gland that in adjacent sections had stained for NSE (Figures 10&12).
Immunohistochemical localization of NSE and NNE in 25 and 60 day old
hamsters was similar to that reported in the 15 day old animals (Figures 15-20).
As the Djungarian hamsters aged, however, immunolocalization of both antigens
was more readily seen in the cortical region.
The NNE and NSE antigen staining throughout the interior of 120 day old
hamster pineal gland appeared less intense than that seen in younger animals,
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perhaps because of increased connective tissue and decreased size of pinealocyte
lobules in the older animal. Still, NSE was very apparent in pinealocytes of the
periphery (Figures 25&26).

Body and testes weights:

The effects of photoperiod on hamsters were

confirmed by comparison of body and testes weights of animals kept on the
different photoperiods (long day, 16L8D; short day, 6L18D) (Table 1, Graphs
1&2). At 10 days of age, animals housed under the long day photoperiod had
significantly greater body weights than animals kept on the short day. The testes
weights for either photoperiod was not significantly different, although the mean
value for the long day animals was slightly greater. By day 15, both body and
testes weights were significantly greater in animals housed under the long day
photoperiod than those housed under short days. Although testes weights were
significantly greater in animals exposed to 16L:8D than those exposed to 6L18D
at day 25, body weights were not different between the two groups. Similar to day
15, animals at 60 days and 120 days of age had significantly greater body and
testes weights as opposed to the short photoperiod animals.

Soluble protein:

The content of soluble protein per pineal gland was not

significantly different between short and long day photoperiods at any
developmental age investigated (Table 1, Graph 3).
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iffept gf Photoperiod on Weanling and Adult Hamsters1
In the spring experiment, as opposed to the autumn, only weanlings housed
under the different photoperiods for 8 weeks and adults exposed for 4 weeks were
evaluated. This was because only these groups showed any difference in the
amount of soluble protein per gland. At the end of the experiment, both age
groups were about the same age (weanling age at approximately 74 days versus
adult age at approximately 68 days).

Body and testes weights: For animals raised in the autumn, both photoperiod
and age exerted main effects on Djungarian hamster body and testes weights
(Graphs 4&5). That is, the mean body and testes weights of weanlings and adults
exposed to a long day photoperiod were significantly greater than those exposed
to a short day (Table 2). With regards to age, the weights of the adults’ mean
body and testes were significantly greater than the weanlings’.
An interaction between photoperiod and age was seen for body and testes
weights in Djungarian hamsters treated during the autumn (Graphs 4&5).

In describing the results of the following quantitative analysis for rats and
hamsters, several specific terms are employed. In ANOVAs that compare several
independent variables, the terms effect or main effect are used to describe a
statistical significance (p<0.05 minimum) for one of the independent variables
when the data is collapsed across the other independent variables. For example,
a main effect for photoperiod indicates that a significanct difference was found
between mean values from animals subjected to a short day versus long day when
the statisitic was run on combined data from all ages and regions.
The term interaction indicates that a significant difference was found
between two or more independent variables, e.g., a 2-Way interaction for age and
photoperiod means that the difference between mean values for age and
photoperiod, when data from all regions was included, was significant (p<0.05
minimum).
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Specifically, adult hamsters raised under the 16L8D photoperiod had significantly
greater mean body and testes weights, regardless of duration of exposure, than
any other group.
Duration of exposure, 4 or 8 weeks, did not have an effect on hamster body
or testes weights in either the autumn or when the experiment was repeated during
the spring.

Animals of the repeat experiment also yielded the same differences

in response to photoperiod as did those from the earlier experiment (Graph 4&5).
Unlike the animals raised during the autumn, however, an interaction between
photoperiod and age was seen for testes weight in animals raised during the spring
(Graph 5), i.e., weanlings housed under the long day photoperiod for 8 weeks
showed a greater mean testes weight than either weanlings exposed to the short
photoperiod for the same length of time or adults housed under both photoperiods
for only 4 weeks.

Morphology:
homogeneous.

The distribution of pinealocytes throughout the gland was fairly
In the pineal glands of animals from all ages and treatments,

connective tissue separated pinealocytes of the interior gland into clumps or
lobules (Figures 35&36).

Animals exposed to 8 weeks of the short day

photoperiod exhibited fewer pinealocytes in lobules and greater extracellular space
filled with connective tissue (Figure 37). A cortex and medulla were not always
distiguishable in glands of animals subjected to different treatments.
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Immunohistochemistry: The mosaic pattern of NSE and NNE immunostaining
seen in the developmental study was also observed in this experiment (Figures 2736). NSE and NNE antigen were localized to the same cells in adjacent sections
under all conditions (Figures 29,30,35,36).
An immunohistochemical staining gradient for NSE and NNE, as represented
by a statistical effect for region, was noted in many of the pineal glands (Table 3,
Graphs 6&7). While the direction of the gradient was not always consistent among
the different ages and treatments (Figures 33,34), the proximal region generally had
a smaller mean standard score of light transmission (transmission of light through
a stained section is inversly proportional to optical density; the greater the
deposition of chromogen in an area, the greater the optical density and smaller the
value of light transmission). Hence, there was greater immunostaining of NSE and
NNE at the proximal pole in this animal model.
A 3-way interaction for photoperiod, age, and region was seen for NSE
immunolocalization (Graph 6). The decreasing distal to proximal mean standard
score of light transmission (or increasing NSE immunostaining) gradient was
greatest in weanlings exposed to the 16L:8D photoperiod, but in adults was
greatest in the animals subjected to the 6L:18D photoperiod. The gradient was not
as apparent in either weanlings subjected to the short day photoperiod or adults
exposed to the long day photoperiod (Graph 6).

Soluble protein, protein concentration, NSE concentration:

Photoperiod

exerted an effect on the amount of soluble protein per gland when statistically
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collapsed across age and duration of exposure to photoperiod (Table 2, Graph 8).
Most groups, with the exception of weanlings exposed to photoperiod manipulation
for 4 weeks, showed greater soluble protein per gland in those animals subjected
to the short day photoperiod.
A three way interaction between photoperiod, age, and duration of exposure
was noted. Weanlings exposed to the short day photoperiod for 8 weeks, as well
as adults subjected to 4 weeks of short days, demonstrated significantly greater
levels of soluble protein per gland. When the experiment was repeated 6 months
later, however, no significant effects or interactions on soluble protein per gland
were seen (Graph 8).
Age had an effect on pineal gland protein concentration (Graph 8). The
mean concentration of protein in animals of the repeat experiment was significantly
greater in weanlings than adults.

In both ages, mean pineal gland protein

concentration was larger in those animals subjected to the 16L8D environment.
Age exerted an effect on mean pineal gland NSE concentrations in animals
raised during the autumn, but not in those animals of the repeat experiment six
months later. Adults had significantly greater amounts of NSE in the pineal gland
regardless of photoperiod or duration of exposure.

Mean adult whole gland

concentrations of NSE were slightly greater in the short day photoperiod animals
(Table 2, Graph 9) and mimicked the pattern for soluble protein per gland seen in
the same age group (Graph 8). Yet analysis of NSE concentrations in weanling
glands revealed a pattern opposite to that seen for soluble protein (Graph 9).
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Pineal gland NSE concentration was not evaluated for animals raised during
the spring.

Effect of Photoperiod on Weanling and Adult Rats
Body and testes weights: Photoperiod exerted an effect on rat body and testes
weights regardless of age in those animals raised in the autumn (Graphs 10&11).
Adult mean body and testes weights were greater in those animals subjected to the
long day photoperiod (Table 4). Mean weanling body and testes weights were
more variable and depended upon the photoperiod. For those weanlings raised
during the autumn, the mean body weight for animals housed in the 6L:18D
photoperiod was greater than that of the 12L12D group. Mean weanling testes
weight, on the other hand, was slightly greater for the 12L12D group than the
6L18D group.
Photoperiod exerted a main effect for body weight in the animals raised
during the spring. Both weanling and adults raised under the long day photoperiod
had greater mean body weights (Table 4, Graph 10).
An effect for age was also seen in all of the groups.

Regardless of

photoperiod or season, adults had significantly larger mean body and testes
weights than weanlings (Table 3, Graphs 10&11).
An interaction between the environmental photoperiod and animal initial age
was seen for those animals treated during the autumn. Adult mean body and
testes weights were significantly greater in the long day photoperiod, but weanling
mean body weight was significantly less for the same photoperiod (Graph 10).
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Weanling mean testes weight was not significantly different between the two
photoperiods (Graph 11).

Morphology: The gross structure of the rat superficial pineal glands in this study
was similar to that described by Vollrath (1981).

In most animals, the stalk

consisted primarily of fibrous continuations of the glandular capsule with few
pinealocytes (Figures 40). Several rats had stalks that were the thickness of three
to four pinealocytes (Figures 44-46).

Immunohistochemistry:

The mosaic staining of the NSE antigen in rat gland

described by McClure et al. (1986) was again seen in animals of all ages and
photoperiod treatments (Figure 48-52). Additionally, the NNE antigen revealed a
similar mosaic pattern of immunohistochemical distribution to NSE. In adjacent
sections, NNE immunostaining was localized to the same pinealocytes (Figures 4952).
The NSE immunostaining increasing proximal to distal gradient was again
seen (McClure et al., 1986) and was repeated in adjacent sections for the NNE
antigen (Figures 38,39,42-44). Statistical analysis revealed that the proximal region
of the gland allowed greater transmission of light than the distal region (Table 5,
Graphs 12). Greater transmission of light at the proximal pole corresponds to less
deposition of chromogen, while less transmission of light at the distal pole equates
to greater chromogen.

The NNE antigen also demonstrated this increasing

proximal to distal transmission gradient.

As with NSE, NNE immunostaining
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allowed a significantly greater amount of light through the proximal area of the
section than the distal area (Table 5, Graph 13).

When compared to the

Djungarian hamster, rat NSE and NNE antigen localization intensity was in the
opposite direction, i.e., the hamster immunostaining was greater in the proximal
region while the rat immunostaining was greatest at the distal pole (Graph 14). The
slope of the lines indicating hamster mean standard scores of light transmittance
through the NSE and NNE immunostained sections statistically collapsed for age
and photoperiod were positive for rat and negative for hamster.
Immunohistochemical staining for GEAR was localized to a small proportion
of area in the rat pineal gland (Figures 40&41). Although a few stained cell bodies
were found, GFAR immunostaining was usually situated about vessels or large
vacuoles. Astrocytes often send processes to the perivascular spaces.

Nuclear and blood vessel volume fractions: A main effect for photoperiod was
seen in the nuclear volume fraction of rat pineal glands (Table 5). The short day
photoperiod had a significantly greater mean nuclear volume fraction than the long
day photoperiod when collapsed across age and region (Graph 15, Figures 4446).
Pineal gland region also exerted an effect, in that mean nuclear volume
fraction for the proximal region, in all ages and photoperiods, was significantly
greater than the mean nuclear volume fraction for the distal region (Graph 15).
When statistically collapsed across age and pineal region, photoperiod had
an effect on blood vessel volume fraction (Table 5).

The mean blood vessel
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volume fraction for pineals of rats housed under 12L12D lighting schedule was
significantly greater than the mean blood vessel volume fraction for pineals from
animals exposed to 6L:18D (Graph 16).
An interaction between photoperiod and age regardless of region was seen
for blood vessel volume fraction. The difference for mean blood vessel volume
fraction between weanlings raised under the long day photoperiod was significantly
greater than the mean of weanlings subjected to a short day photoperiod (Graph

16).

Protein and NSE assays: Photoperiod affected the amount of soluble protein per
gland for animals raised during the autumn regardless of age differences. Rats
kept in the 6L:18D photoperiod had a significantly greater mean soluble protein
per gland than animals kept in the 12L12D photoperiod (Table 4, Graph 17).
No significance was seen for photoperiod in animals raised during the
spring, although the short day photoperiod did have higher means. When soluble
protein per gland was converted into protein concentration (ug/mg wet weight),
photoperiod did exert an effect and the short day photoperiod was again
significantly greater than the long day (Graph 17).
As determined by RIA, NSE concentration was not significantly different in
terms of regional localization or photoperiod, although the mean concentration was
slightly greater in animals housed under the long day (Table 4, Graph 18). NSE
RIA assay was conducted only on extract from pineals of animals raised during the
autumn.
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Electrophoresis: Statistical analysis was not performed to determine differences
between total area under the curve for different treatments. Instead, qualitative
evaluation of per cent of total area these bands occupied revealed a shift with
relationship to the total had occured in animals subjected to different photoperiod
treatments. Some bands were accentuated, while others were not discernably
different from the background readings; still others had the same per cent of the
total in all treatments. This was duplicated on a second, separate gel.
Ten bands or peaks per well were easily distiguished between the different
extracts, and their distances from the well were also consistent among the different
samples. Their estimated molecular weight ranged from 240,000+ at the top of
the gel, to less than 15,000 at the bottom.
Photoperiod seemed to have influenced several bands.

Three peaks

exhibited a greater percentage of the total area under the curve in weanling and
adult rats exposed to the long day photoperiod (12L12D) as opposed to animals
subjected to the short day photoperiod (6L18D). The estimated molecular weights
were 140,000 for the band nearest the well, 85,000 for the second, and 77,000 for
the one farthest from the well. Two groups of bands showed a greater percentage
of the total area under the curve in weanlings and adults exposed to the short day
photoperiod, i.e., one at approximately 240+ kilo Daltons (kD) and another at 80
kD. Several of these bands for weanling and adults exposed to a long day were
not appreciably different from the background readings.
Differences were noted for two protein peaks between weanlings and adults.
The peaks perhaps representing a 57 kD protein or group of proteins had a greater
percentage of the total area under the curve in the adult than the weanling.

DISCUSSION

Summary
In this study, photoperiod manipulation had several dramatic effects on rat
and Djungarian hamster pineal gland activity and morphology.

As expected,

hamster body and testes weights were significantly different between the long day
(16L:8D) and short day (6L:18D) photoperiods. In addition, rat body and testes
weights were significantly different between the two photoperiods. This was not
expected since the rat has previously been reported to be unresponsive to
photoperiod manipulation without testosterone implants or olfactory bulbectomy.
Photoperiod also influenced pineal gland soluble protein, protein concentration, and
NSE concentration in both species.
The heterogenous localization and gradient immunostaining of the NSE
antigen previously seen in the rat was, in this study, observed in another species the Djungarian hamster.

Moreover, the NNE antigen was, for the first time,

localized to and absent from the same populations of pinealocytes in both species,
and the NNE immunostaining gradient roughly paralleled the NSE gradient. The
preceding results strongly suggest that the hybrid enolase was the primary enolase
isoenzyme

immunohistochemically

localized

in the

rodent pineal

gland.

Furthermore, the presence of three isoenzymes may reflect a balance between
membrane receptor stimulation.
Morphological features may have contributed to the gradient nature of the
enolase isoenzyme immunohistochemistry. Nuclear volume fraction and blood
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vessel volume fraction exhibited significant regional differences in the rat superficial
pineal gland. Both volume fractions were influenced by photoperiod manipulation.
It remains unclear, however, as to whether the gradient is primarily the result of the
enolase isoenzymes or regional morphological differences.
In the present study, morphological features of the Djungarian hamster
superficial pineal gland postnatal development are described.

To date, the

definitive study on the anatomy of the Djungarian hamster pineal gland focused
mainly on the emergence and penetration of sympathetic fibers into the
parenchyma. This is the first time that the histology and postnatal developmental
morphology of the Djungarian hamster have been described.

Assumptions and Limitations
In the immunohistochemical staining of NSE and NNE antigens, it was
assumed that the deposition of chromogen accurately reflects the content of the
isoenzymes in the pineal gland. While antisera raised against rat NSE and NNE
may have had only partial identity to Djungarian hamster enolase isoenzymes, the
characteristic immunostaining seen in that species suggests that there was good
species cross-reactivity. Since radioimmunoassay (RIA) will selectively isolate the
gamma enolase subunit and because NSE and hybrid enolase both contain the
gamma subunit, it was assumed that both isoenzymes were represented by the
NSE concentration values.
When evaluating electrophoretic separation of tissue extracts, one band may
represent only one protein, or alternatively represent dozens.

Identifying the
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specific protein(s) from pineal extracts would require extensive analysis, and was
beyond the scope of this project.

Photoperiod
As

previously reported, rats

require either exogenously supplied

testosterone for their testes to involute under a 6L18D photoperiod (Wallen et al.,
1987) or olfactory bulbectomy to make them susceptible to photoperiod influences
(Reiter et al., 1981). Adult rats in this study consistently responded to photoperiod
manipulation, as measured by body and testes weights, without any prior
physiological or surgical manipulation. Despite the significant differences in body
and testes weight between rats of two photoperiods, the extent of functional
differences is still not known. Yet, environmental photoperiod cues should regularly
be considered when evaluating rat pineal morphology and function.
The

results

of

this

study

confirmed

Hoffmann’s

observations

(1973,1974,1978,1979) that Djungarian hamster body and testes weights are
significantly less in animals subjected to a photoperiod of 12 hours light or less.
Hamster pelage changed color to the winter-time white after three weeks exposure
to the short day photoperiod (6L18D). Consistent with the work of Pulchalski and
Lynch (1988), a minority of hamsters were insensitive to photoperiod manipulation.

Immunohistochemical Localization of NSE and NNE
The heterogenous localization of the NSE antigen among neighboring
pinealocytes in the rat pineal gland (McClure et al., 1986) was confirmed in this
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study. The NNE antigen also demonstrated this mosaic pattern and was localized
to the same pinealocyte in an adjacent section as was NSE. Adult DJungarian
hamsters exhibited NSE and NNE immunolocalization and distribution similar to
that which was seen in the rat. This strongly suggests that the enzyme actually
being localized is the hybrid enolase - the hybrid dimer has subunits from both
NSE and NNE (Marangos et al, 1978b). Hybrid enolase was originally thought to
be artifactual. However, indirect evidences suggests otherwise, e.g., both NSE
and NNE antigen are found in neuronal tissue (Kato et al., 1981c,1982; Trapp,
1981) and cerebellar stellate and basket cells (Ghandour et al., 1981). Inferred
immunolocalization of the hybrid enolase would explain the concurrently high
concentrations of NSE and NNE found in the rat pineal (Marangos et al., 1979).
In neurons, hybrid enolase is thought to be expressed only during a small
time frame of development, as the NNE gene is repressed and the NSE gene
induced (Marangos, 1987; Schmechel et al., 1980a,b). Past researchers thought
that NNE is localized to "immature" neurons while NSE is found in "mature" cells
(Jorgensen et al., 1982; Marangos, 1987). In the neuroendocrine pineal gland, it
appears as though the hybrid form persists into adulthood and is a major
component of the enolase isoenzymes present,

Since neurons and

neuroendocrine tissues develop from the same primordia (neuroectoderm), double
labelling of cells with anti-NSE and anti-NNE sera for inferred hybrid enolase
localization may help to clarify at what point pinealocytes and neurons
developmentally diverge.
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Immunostaining Gradient
The increasing proximal to distal gradient of NSE immunostaining was again
seen in the rat pineal gland (McClure et al., 1986). In this study, a similar gradient
was also observed for the NNE antigen.

Whereas only regional NSE

immunostaining differences were significant, an interaction between photoperiod
and regional NNE immunostaining was detected. The immunolocalization of NNE
seems more susceptible to photoperiod manipulation than NSE localization. While
the importance of this finding is not clear, one explanation may be that both NNE
and NSE are present in the same rat pinealocytes and act independently of each
other. However, this would be a pointless duplication of enzymes and strain on
resources. Another theory is that one small population of pinealocytes contains
NNE, another has NSE, while a majority contains the hybrid enolase. This would
then account for the heterogenous localization of NSE and NNE, while allowing
many of the same pinealocytes to immunostain for both isoenzymes. Photoperiod
influence on individual isoenzymes of enolase in different populations may then
also show disparate regional localization.
A more satisfying, albeit unproven, explanation is that pinealocytes are able
to selectively express one of the two enolase genes (alpha or gamma subunit) in
response to diverse functional activity. The NSE isoenzyme is more stable than
NNE in an environment where chloride ions are present, such as a neuron
(Marangos et al., 1978b).

Pinealocytes can exhibit neuron-like properties in

response to B adrenergic stimulation, e.g., excitable membrane properties (Sakai
and Marks, 1972). Sakai and Marks (1972) also report that pinealocytes have a
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membrane potential similar to that of the liver in response to alpha-adrenergic
stimulation. It is very important to note that neurons characteristically express the
NSE isoenzyme and liver exhibits the NNE isoenzyme (Marangos, 1987).

A

localized increase in B adrenergic receptor stimulation may result in induction of
the NSE gene (gamma subunit) and thereby allow greater immunolocalization of
the NSE antigen to that pinealocyte (or region of pinealocytes). Conversely, a
localized increase in alpha-adrenergic receptor stimulation may elicit induction of
the NNE gene (alpha subunit) with a resulting greater pinealocyte immunostaining
for the NNE antigen.
The hamster pineal gland also exhibited an immunostaining gradient for
NSE and NNE. In this situation, however, the greater deposition of antisera and
chromogen at the proximal pole was opposite to that seen in the rat pineal. While
the regional differences were significant, the direction of the gradient was not
consistent among all groups. It remains unclear as to whether the immunostaining
gradient is in part due to morphological differences.

Nuclear and Blood Vessel Volume Fractions
Analysis of enolase isoenzyme regional distribution may have been biased
by some morphological feature of the rat pineal. Some research indicates that the
nuclei of different pinealocyte populations exhibit regional differences in the size of
nuclei (Tapp and Blumfield, 1970). For example, cortical and medullary differences
in the area occupied by nuclei, (Renzoni and Quay, 1964) have been seen, as have
species variation between the superficial and deep parts of the gland (Quay, 1956;
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Vollrath and Boeckmann, 1978).

Generally, increased nuclear size indicates

expanded transcription of RNAs in preparation for increased protein synthesis.
In this study, the nuclear volume fraction, rather than nuclear volume, of the
rat superficial pineal was determined. The results of this study demonstrated a
significant regional difference, with the proximal part of the gland consistently
showing a greater nuclear volume fraction. Unlike nuclear volume, nuclear volume
fraction cannot be directly related to absolute changes in nuclear size. Nuclear
volume fraction can be influenced by a multitude of variables. For example, a high
nuclear volume fraction value may represent: a decreased amount of cytoplasm
relative to the nucleus, decreased blood vessel volume, or decreased extracellular
space. In this study, however, an increase in regional nuclear volume fraction,
combined with a visual inspection of the pineal gland proximal pole, hint that the
number of nucei per region has increased. Since characteristic NSE and NNE
immunostaining localizes only in the cytoplasm of a cell and not the nucleus, areas
that have a greater nuclear volume fraction would appear to stain less intensely.
The importance of this finding is that the regional immunostaining for NSE and NNE
may in part result from the greater volume fraction of nuclei in the proximal part of
the pineal.

These results imply regional variability in response to varied

physiological demands, i.e., the distal part of the rat gland is more functionally
active than the proximal.
When considering the size of the pineal gland, its blood supply is one of the
most generous in the body (Kappers, 1983). As with nuclear volume fraction,
blood vessel volume fraction is not directly related to area occupied by vessels
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and can be influenced by the same variables. It now appears that the volume
fraction of blood vessels in the rat pineal can alter with age and photoperiod.
Animals exposed to the long day photoperiod (12L12D), regardless of age or
pineal region, had a significantly greater volume fraction of blood vessels. In
addition, the interaction between photoperiod and age revealed that weanlings
subjected to a long day had a significantly greater blood vessel volume fraction
than weanlings exposed to a short day. Adults did not show that difference.
Unlike nuclear volume fraction, however, visual inspection did not provide an
intuitive clue. The importance of the photoperiod effect on blood vessel volume
fraction has yet to be defined.
The interplay between blood vessel volume fraction and nuclear volume
fraction is unclear. If there were a cause and effect, then the regional differences
seen in the nuclear volume fraction would be expected in the opposite direction
for blood vessel volume fraction, but this was not observed. Nor is the large
difference in blood vessel volume fraction between weanlings exposed to the long
day photoperiod and weanlings raised under the short day photoperiod replayed
for nuclear volume fraction.
Soluble Protein. Protein Concentration, and NSE Concentration
The amount of soluble protein per gland is influenced by pineal gland
weight, which in turn is influenced by age and season (Vollrath, 1981). Determining
protein concentration helps evaluate whether the greater amount of protein present
is simply the result of an enlarged gland or because of an actual increase in the
basal requirement for those proteins.

In rat weanlings and adults, both soluble
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protein per gland and protein concentration were consistently greater in the glands
of animals exposed to a short day photoperiod (6L18D). The results were the
same in those animals treated six months later. In this species, photoperiod
appears to influence the basal level of protein in the pineal gland. In other words,
sustained increased physiological demands on pinealocytes, such as a short day
photoperiod stimulation of melatonin production, elicits increased glandular protein
concentration.
Adult rat whole gland NSE concentrations were not significantly different
between the two photoperiods, nor was there a significant difference between
regions of the gland. While protein concentration increases during exposure to the
short photoperiod, the NSE concentration actually decreases a small amount. The
absolute amount of NSE in the gland probably does not decrease, but may
increase in relation to the amount of protein product and the weight of the gland
but the levels are less (the mean gland wet weight is slightly larger for the short
photoperiod although not significantly). What the data does indicate is that neither
NSE nor the hybrid enolase is responsible for the significant increase in rat pineal
gland protein concentration under a short day photoperiod.

This does not,

however, negate heterogenous and regional localization of enolase isoenzyme, or
the possibility that one isoenzyme responds more readily to a particular membrane
receptor stimulation.
In the Djungarian hamster, pineal soluble protein per gland and protein
concentration was much more variable among the different treatments than for the
rat pineal gland. While photoperiod had definite effects on the soluble protein per
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gland, the interaction of other factors such as age and duration concealed the
importance, if any, of the findings. Seasonal differences may also have played a
role. Greater adult hamster pineal NSE concentrations in the 6L18D photoperiod
reflected a similar pattern seen for soluble protein per gland. Concentration of NSE
in weanling hamsters, however, showed a pattern opposite to the variable one
seen for soluble protein. Using the logic applied to the protein concentration in the
rat pineal gland, one would have to say that NSE and the hybrid enolase
constituted a greater fraction of the whole gland protein concentration. This
hypothesis may not be valid for the hamster since the data were quite variable
among the different treatments.

It would have been ideal to compare

electrophoretic separation bands from hamster pineal extract to that from the rat,
but unfortunately, the hamster samples were of a small size and not sufficiently
concentrated.

Gel Electrophoresis
Any number of proteins or groups of proteins may be represented by bands
of electrophoresed pineal gland extract.

In the present study, samples were

obtained from weanlings and adults rats subjected to photoperiod manipulation.
Photoperiod did appear to affect the percentage of the total area under the curve
for several peaks, i.e., at estimated molecular weights of 240+ kD, 140 kD, 85 kD,
80 kD, and 77 kD. The percentage of the total area under the curve for those
peaks with estimated molecular weights of 140 kD, 85 kD, and 77 kD was greatest
in weanlings and adults raised in the long day photoperiod.

Bands at
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approximately 240+ and 80 kD showed greater percentages of the total area in
extracts from animals subjected to a short day photoperiod.
In these pineal gland extracts, a peak representing NSE was not readily
distinguished from the background.
Two enzymes known to be present in the rat pineal gland may fit several of
the peaks. The glandular content of the amino acid glutamine has been shown to
increase after animal exposure to either continuous light or darkness (Nir et al.,
1973). The enzyme glutamine synthetase in the rat has a molecular weight of
352,000; each of the eight subunits has a molecular weight of 44,000. Although
peaks on the gel can fit these values, they are not among the peaks that show
either photoperiod or age variations. Monoamine oxidase (MAO) is the enzyme
that catalyzes the conversion of serotonin to 5-hydroxyindole acetaldehyde, which
in turn can produce 5-hydroxyindole acetic acid or eventually 5-methoxytryptophol.
Rat MAO has a molecular weight of 300 kD, with the four subunits each having
molecular weights of 75 kD. The 75 kD subunit fits in with the estimated 77 kD
peak seen in this study. If the peak actually represents MAO, its percentage of
total area under the curve does not vary with photoperiod treatment or age.
The enzyme glutamate decarboxylase, which is necessary for the conversion
of glutamate to gamma-aminobutyric acid (GABA), has a molecular weight of
approximately 85 kD. On the elecrophoresis gel, a band estimated to represent
the 85,000 molecular weight did show a greater percentage of the total area under
the curve in the long day photoperiod and less in the short day. The function of
GABA in the pineal gland is currently unknown, but has been autoradiographically
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localized to glial cells (Young et al., 1973).
Another enzyme may be represented by the different electrophoretic bands.
In bovine brain (Miyamato et al., 1971) and rabbit reticulocytes (Tao et al., 1970),
a protein phosphokinase I can be isolated. It has a total molecular weight of 140
kD and two subunits that are calculated to be 80 and 60 kD, respectively. In this
enzyme, the 60 kD portion is the regulatory subunit and the 80 kD is the catalytic
subunit. If the rat has a similar type of protein kinase, it would fit in well with
several of the peaks seen in the electrophoretic separation of rat pineal gland
extracts. The peak seen at approximately 140 kD exhibits a greater percentage of
the total area under the curve in animals exposed to long days. The reverse was
seen for the 80 kD peak, i.e., a greater percentage was calculated for animals
subjected to the short day. In both weanlings and adults housed under a long day
photoperiod, the percentage of total area for this peak was no greater than the
background. The estimated 57 kD peak may correspond to the 60 kD protein
phosphokinase subunit (this peak did not appreciably vary with photoperiod, but
rather with age). Another consideration may be that the regulatory subunit is firmly
attached to the catalytic subunit during the long day photoperiod (or during
decreased functional activity of the cell), but becomes dissociated during the short
day photoperiod (or increased functional activity). This would then allow the
dissociated 80 kD catalytic subunit to be separated.
The regulatory subunit of a protein kinase attaches to cyclic AMP (cAMP)
allowing the active catalytic subunit to phosphorylate its substrate (Stryer, 1988).
The second messenger for B adrenegic receptors is cAMP.

If these peaks
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accurately reflect a protein kinase in the rat pineal gland, then the photoperiod
variation seen in these peaks could represents increased functional activity in the
glands of the short day animals, brought about by increased stimulation from
sympathetic fibers.

Hamster Enolase Isoenzyme and Morphological Development
Adult hamster pineal immunostaining for NSE and NNE is similar to the
heterogenous localization seen in the rat, yet the developmental profile of NSE and
NNE antigen staining in the Djungarian hamster is distinctive. Although many
pinealocytes do not stain for either NSE or NNE at early stages of pineal
development, many of those that do tend to stain for both isoenzymes. The NNE
antigen does not, however, have the intensity or distribution of the NSE
immunostaining in the 10 day old hamsters. The apex of the gland stains for both
antigens. As the animals age (15 days and older), the intensity and pattern of NNE
immunostaining becomes more or less the same as the NSE staining.
Based on previous literature about enolase isoenzymes in developing
tissues, NNE concentration should be greater than NSE. At 10 days of age (in the
rat model), NSE concentrations in the CNS are just beginning to be found in
appreciable amounts, and NNE is still the predominant isoenzyme present in
nervous tissue (Marangos et al., 1980).

van Veen (1978) described how

pinealocytes just begin to show signs of functional activity, as represented by
serotonin fluorescence, at postnatal day 10. By day 15, the whole of the pineal
gland exhibits fluorescence for serotonin.

In the hamster pineal gland,

65
hypothetically, more B adrenergic receptors than alpha adrenergic receptors on
these cells have been stimulated by the few sympathetic fibers entering the gland
through the apex. Thereafter, as receptors increase, so does the heterogenous
distribution of NSE and NNE immunolocalization.
Most of the morphological information that is available about the hamster
pineal gland has been gleaned from Syrian and Golden hamsters,

The

developmental structure of the Djungarian hamster pineal is distinctive. In his
review of the pineal, Vollrath (1981) indicates that the pineal gland stalks in adult
hamsters lacks parenchymal cells. In adult Djungarian hamsters, pinealocytes are
very evident in the stalk.
The gland of younger animals (postnatal 10 to 25 days) features a
homogeneous distribution of cells. First evident at day 60 and accentuated at 120
days, parenchymal lobules separated by connective tissue and interstitial cells are
observed. Exposure to the short photoperiod (6L:18D) appears to enhance the
amount of connective tissue found in the pineal gland. In older animals, a cortex
and medulla arrangement of pinealocytes is seen. The columnar-like peripheral
cells form a palisade that surrounds the whole of the gland. Medullary cells are
more oval in appearance and occasionally demonstrate processes. The nucleus
has one prominent nucleolus, while a minority of pinealocytes show two nucleoli.

Conclusions and Suggested Future Experiments
In conclusion, immunohistochemical localization of both NSE and NNE
antigens to the same pinealocytes, indicates hybrid enolase localization. The
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heterogenous immunostaining is present not only in the rat, but also in the
Djungarian hamster pineal gland. Regional staining differences consistently occur
in both species, but in the opposite directions. Pinealocyte concentrations of NSE
may reflect B adrenergic receptor stimulation, while NNE concentrations may vary
with stimulation of alpha-adrenergic receptors. The hybrid enolase may represent
simultaneous stimulation of both adrenergic receptors so that enolase alpha
subunit and gamma subunit genes are induced. The heterogeneous subunits
would then be able to associate in the pinealocyte cytoplasm, and thus allow
concurrent immunostaining for NSE and NNE antigens.
NSE is not the primary component of pineal gland protein concentration
increases in response to photoperiod.

Possible candidates include glutamate

decarboxylase and protein phospokinase I.
Unlike the rat pineal gland, the Djungarian hamster gland has a distinct
cortex and medulla.

Within the aged medulla, connective tissue separates

parenchymal lobules; the amount of connective tissue present appears
accentuated by a short day photoperiod.
Suggested follow-up experiments include: two-dimensional electrophoresis
of rat and hamster pineal extracts with the idea of isolating the protein (s) that vary
with photoperiod treatment; RIA of specific enzymes in pineal gland extracts; in vivo
or in vitro pharmacological stimulation of B and alpha adrenergic receptors and
then analyzing the effect on enolase isoenzymes; measure nuclear volume and
blood vessel volume (not volume fraction) as influenced by photoperiod; and
examining electron microscopic characteristics of hamster pineal ultrastructure
under varying conditions.
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Table 1. Means table for interaction of photoperiod (16L, 6L) and age (10,15, 25,
60, 120 days) in Djungarian hamster pineal glands.
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Table 1.

AGE &
EXPOSURE

BODY WEIGHT
(gms)

16L

10

15

25

60

120

TESTES WEIGHT
(gms)

PROTEIN/GLAND
(g/gland)

6L

16L

6L

16L

6L

14

9

12

5

7

n

9

x

8.78

7.07

0.024

0.015

3.26

3.80

SE

0.43

0.44

0.005

0.002

1.41

1.38

6

5

n

12

x

11.42

9.60

0.043

0.033

10.14

9.36

SE

0.31

0.64

0.003

0.003

3.78

1.66

6

8

10

12

10

n

10

13

X

18.30

17.62

0.203

0.015

9.05

12.18

SE

0.47

0.67

0.027

0.005

2.14

2.08

6

6

10

13

n

11

10

x

36.00

24.10

0.753

0.014

23.41

22.20

SE

1.21

0.86

0.038

0.002

3.45

3.91

11

10

n

15

11

x

39.20

29.45

0.625

0.059

14 06

14.14

1.16

1.44

0.062

0.009

2.71

2.34

SE

15

11

10

8
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Table 2. Means table for interaction of photoperiod (16L, 6L), age (weanling,
adult), and duration of exposure (4 weeks, 8 weeks) in Djungarian hamster pineal
glands.
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Table 2.

AGE &
EXP.

BODY WGHT.

PROT./GLAND
(ug/fltawl)

16L

6L

n

10

11

9

11

x

29.60

25.36

0.575

0.037

26.22

SE

0.86

0.92

0.064

0.007

9

10

5

161

6L

10

16L

6L

5

8

PHOT CONC
(ug/mg w*t wt)

NSE CONC
(ng/mg prot )

16L

6L

5

4

23.44

194.20

295.25

4.52

3.35

18.04

53 40

5

8

16L

6L

5

4

x

37.78

28.60

0.459

0.017

11.77

20.53

368.00

227.50

SE

1.49

1.10

0.091

0.002

4.01

2.32

20.34

31.80

6

5

6

5

6

5

6

5

n
W8R x
SE

0.846

0.021

0.313

0.325

21.38

17.78

67.15

55.37

0.55

1.07

0.038

0.003

0.027

0.048

3.04

3.62

5.39

6.82

14

x

3817

32.36

0.667

0.067

14.90

SE

0 98

0.76

0.031

0.012

4

5

4

5

4

5

SE

5

29.80

18

A4R x

6

35.00

n

n

A8

(nv)

61

n

A4

PINEAL WGHT.

16L

W4

W8

TESTES WGKT.
(gm*)

18

14

18

6

4

6

31.30

319.50

420 83

2.83

4.07

31.96

65 80

4

5

4

5

37.00

31.80

0.754

0.119

0.366

0.253

16.83

8.74

41.79

33.18

2 68

1.74

0.028

0.046

0.062

0.023

5.27

2.76

9.19

8.63

7

9

n

11

12

7

x

37.00

3008

0.672

0 039

20.38

SE

1.10

0.97

0.059

0.006

4.76

11

4

9

24.49

335 75

385 22

3.69

10.36

66 61

83

Table 3.

Means table for interaction of photoperiod (16L, 6L), age (weanling,

adult), and region (distal, proximal) in hamster pineal glands.
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Table 3.

AGE

REGION

D

NSE
light trana. mean
standard score

NNE
Hght trans. mean
standard score

16L

6L

16L

6L

n

3

3

3

3

x

531.34

493.85

520.98

555.11

SE

4.59

12.89

26.12

15.94

n

3

3

3

3

x

469.49

506.18

471.81

453.35

4.60

12.82

32.46

7.04

W

P

SE

D

n

3

3

3

3

x

497.52

540.66

501.83

531.40

SE

3.36

7.24

20.51

13.46

n

3

3

x

498.71

457.80

493.93

469.74

9.67

4.79

18.02

12.23

A
P

SE

3

3
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Table 4. Means table for interaction of photoperiod (12L, 6L), age (weanling,
adult), and duration of exposure (4 weeks, 8 weeks) in rat pineal glands.
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Table 5. Means table for Interaction of photoperiod (12L, 6L), age (weanling,
adult), and region (distal, proximal) in rat pineal glands.
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Table 5.

AGE

REGION

n
D

x
SE

NSE
light trans. mean
standard score

NNE
NUCLEAR VOLUME BLOOD VESSEL
light trans. mean
FRACTION
VOLUME FRACTION
standard score

12L

6L

12L

6L

12L

6L

12L

6L

4

4

4

4

4

4

4

4

452.61

486.37

0.164

0.188

0.062

0.034

13.48

6.93

0.012

0.012

0.009

0.008

4

4

4

4

4

0.251

0.260

0.061

0.030

453.04 465.43
11.15

11.43

W
n
P

X

SE

n
D

x
SE

4

4

547.81 537.06
11.46
4

4

543.72 513.76

9.82

9.86

6.34

0.018

0.029

0.004

0.005

4

4

4

4

4

4

4

0.180

0.228

0.048 0.036

0.021

0.005

0.013 0.006

4

4

4

4

0.716

0.275

0.033

0.035

0.024

0.011

0.002

0.005

461.83 469.05

447.37 484.83

9.59

6.85

3.82

n

4

4

4

x

538.17

530.24

SE

11.25

6.99

15.62

A

P

4

553.04 513.04

2.64

17.65
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Graph 1 & 2. The effects of photoperiod and developmental age on Djungarian
hamster body (1) and testes (2) weights. Animals were exposed to photoperiod
manipulation for birth.
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Graph 3.

Hamster soluble protein per gland as affected by photoperiod and

developmental age.
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Graph 4 & 5. Weanling and adult hamster body (4) and testes (5) weights as
influenced by photoperiod, age, and duration of exposure to photoperiod.

95
GRAPH 4.
O 161:80

45- 0 61:180

PHOTOPERIOD p<0.01
AGE p(0.01
PHOTOPERIOD BY AGE p<0.01

A\

*

PHOTOPERIOO p<0.01

A

CO

E
3005

rii

ft
N

i-

x
o

□

^

N
N
S
S
N
XS
X
X
XX
X

S
N
N

15-

X
X
X
XX
X
0

1

X

W4

1

X

W8

N
S
N
NN
N
S
N
N
X
X
X
X
X
X
X
A4

\

N
N
S
N
N
N
N
X
X
X
X
XX
X

A8

ftS

ftN

N
N
N
NN
SN
X
X
X
X
X
X
X
X
W8R

N
N
Ss
S
SS
S

I

X
XX
X
X
X
XV

A4R

(W=»weanling, A=adult, #=weeka, R«*repeated 6 months later)

AGE & DURATION OF EXPOSURE

GRAPH 5.

1.000-

□ 161:80
O 6L-180

PHOTOPERIOO p<0.01
AGE p<0.01
PHOTOPERIOD BY AGE p<0.05

PHOTOPERIOO p(0.01
PHOTOPERIOD BY AGE p<0.06

A

0.800-

ih

W

E05

fft

0.600-

X

o

UJ 0.4000.2000.000
W4

¥*W8

I

A4

A8

im.

lX

W8R

A4R

(W=»weanling, A*»adult, #=weeks, R=repeated 6 months later)

AGE Sc DURATION OF EXPOSURE

96

Graph 6 & 7. Effects of photoperiod, age, and gland region on NSE (6) and NNE
(7) antigen localization as reflected by light transmission through NNE
immunostained weanling and adult hamster pineal glands. Comparisons were
made only for hamsters exposed to 4 weeks of photoperiod manipulation.
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Graph 8. Comparison of photoperiod, age, and duration exposure effects on
hamster soluble protein per pineal gland and protein concentration.

Graph 9. Interaction between photoperiod, age, and duration of exposure for
hamster whole gland NSE concentrations.
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Graph 10 & 11. Effects of photoperiod and age on rat body (10) and testes (11)
weights. Rats were exposed to photoperiod manipulation for 4 weeks only.
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Graph 12 & 13. Effects of photoperiod, age, and gland region on the localization
of NSE (12) and NNE (13) antigens as reflected by transmission of light through
NSE immunostained rat pineal glands.
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Graph 14. Comparison of rat and hamster regional differences as influenced by
photoperiod and age.
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Graph 15 & 16. Interaction of photoperiod, age, and gland region on rat pineal
nuclear volume fraction (15) and blood vessel volume fraction (16) fo animals
housed under different photoperiods for 4 weeks.
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Graph 17. Effect of photoperiod and age on rat pineal gland soluble protein and
protein concentration.

Graph 18. Photoperiod effect on rat regional and whole gland NSE concentration.
Animals were exposed to photoperiod manipulation for 4 weeks.
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Figures 1 - 3. Three adjacent sections from the pineal gland of a 10 day old
Djungarian hamster, housed from birth under a 16L8D photoperiod, are stained
with NSE antisera (1), NNE antisera (2), and hematoxylin (3). The heterogenous
NSE and NNE immunostaining is localized primarily to the same gouping of
pinealocytes in the interior of the gland. One small area of the distal pole (D) stains
for both antigens (open arrows). The general distribution of cells throughout the
gland is, however, homogeneous (3). Large, granular vacuoles are noted at this
early age (arrowheads).
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Figures 4 & 5. Close-up micrographs of NSE (4) and NNE (5) immunostained
adjacent section form the pineal gland of the same 10 day old hamster seen in
figures 1 and 2. The distal pole (D) exhibits similar localization of both antigen.
Other regions do not stain as intensely for the NNE as for NSE (arrows). Large,
granular vacuoles react with antisera and DAB treatment (arrowheads).
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Figure 6. Heterogenous NSE immunostaining in the pineal gland of a 10 day old
Djungarian hamster subjected to a short day photoperiod (6L:18D) from birth.
Distal (D) and proximal (P) poles are noted.

Figures 7 & 8. In adjacent sections from the same animals in figure 6, NSE (7) and
NNE (8) immunostaining is localized to the same pinealocytes (arrowheads). Other
pinealocytes stain only for the NSE antigen and not the NNE (curved arrows).
Darkly staining periphery suggests that the vacuoles are intracellular (arrows).

117

Figures 9 & 10. By day 15, the heterogenous immunolocalization of NSE (9) and
NNE (10) antigen is found throughout the giand, in hamster subjected to a long
day since birth.

The NNE immunostaining demonstrates more of a mosiac

appearance than the NSE, particularly in the interior of the gland. In both sections,
slightly greater localization of both antigen is seen at the proximal pole (P).
Although fewer, some vacuoles persist to this age (arrowheads).
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Figures 11 & 12. Adjacent sections of the pineal gland from a 15 day old hamster
raised in the short day environment from birth stained for either the NSE (11) or
NNE (12) antigen. The mosiac pattern of immunostaining is seen in both sections,
although the NNE stained section is not as well localized as the NSE. In this
animal, the distal pole (D) exhibits greater staining.
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Figure 13. Pigmented cells (arrows) are readily seen at the proximal region (P) of
the hamster gland and often in the stalk (S).

Figure 14. A number of the large, intracellular (arrow) vacuoles appear to be either
half full of granular material (V) or empty in this 15 day old hamster.
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Figures 15 & 16. Pineal gland of a 25 day old Djungarian hamster raised under the
16L:8D photoperiod. Note the less intensely NNE immunostained interior of figure
16.
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Figures 17 & 18. Adjacent sections from a pineal gland of 25 day old hamster
sujected to the 6L:18D photoperiod form birth, demonstrating NSE (17) and NNE
(18) immunohistochemical localization. Very few intracellular vacuoles are seen at
this age (arrows). An increasing distal (D) to proximal (P) pole gradient of NSE
and NNE immunolocalization. Cells of the periphery appear to be more intensely
stained for both antigens.
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Figures 19 & 20. At this age (60 day) and treatment (16L8D), the periphery of the
Djungarian hamster pineal gland takes on an appearance separate from that of the
interior (arrows).
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Figures 21 & 22. In the pineal glands of 60 day old hamsters exposed to either the
long day (21) or short day photoperiods (22), the cortex (C) exhibits different cell
orientation to the medulla (M). Connective tissue (CT, arrows), as seen in the
hematoylin stained section, separates the the two areas.
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Figure 23. This hematoxylin stained stalk (S) of the pineal gland from a 60 day old
hamster has the width of several pinealocytes.

Figure 24. The medullary region of this 60 day old hamster (6L18D) shows
connective tissue (CT) separation of pinealocytes into lobules. Interstitial cells
(arrows) are interspersed in the connective tissue and help to define the lobules.
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Figures 25 & 26. Both sections are from 120 day old animals that have been
housed under either the long day (26) or short day (25) photoperiods. The cortex
and medulla arrangement of cells is accentuated in the pineal gland of the hamster
exposed to the short photoperiod. The lobules are smaller and more connective
tissue is readily seen. In some of the older hamsters, a stalk (P) is still evident
(26).
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Figures 27 & 28. Adjacent pineal gland sections stained for NSE (27) or NNE (28)
from weanling hamsters exposed to 8 weeks of the 16L8D photoperiod.

136

137

Figures 29 & 30. Both NSE (29) and NNE (30) antigens are localized to the same
pinealocytes in adjacent hamster pineal gland sections (8 week old, 16L8D
photoperiod).
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Figures 31 & 32. Immunohistochemical localization of NSE (31) and NNE (32) in
whole pineal glands from adult hamsters subjected to 4 weeks duration of the long
day photoperiod,

Note that the proximal pole (P) exhibits slightly greater

deposition of chromogen.
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Figures 33 & 34. The glands of adult Djungarian hamsters raised for 8 weeks in
16L8D photoperiod immunostained for NSE (33) and NNE (34). Note the similar
heterogenous immunolocalization, as well as the greater amount seen distally (D).
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Figures 35 & 36. These adjacent sections of adult hamster pineal gland, exposed
to the short day photoperiod, display the mosaic pattern of NSE (35) and NNE (36)
immunolocalization. Connective tissue (arrowheads) is much more readily seen in
animals of this treatment than those housed under the long day photoperiod
(figures 33 & 34). The same pinealocytes stain for both antigens (arrow).

Figure 37. The increased area occupied by connective tissue in an adult subjected
to 6L18D for 8 weeks is very much apparent.
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Figures 38 & 39. The increasing proximal (P) to distal (D) immunostaining gradient
for NSE (38) and NNE (39) is seen in sections taken from the same pineal gland
of a weanling rat (12L12D).
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Figures 40 & 41. Glial fibrillary acidic protein (GFAP) immunolocalized to glial cell
bodies and processes (arrows) near blood vessels in rat superficial pineal gland.
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Figures 42 & 43. The increasing proximal (P) to distal (D) gradient is observed for
NSE (42) and NNE (43) in the pineal gland of a weanling rat raised under the
6L:18D photoperiod.
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Figures 44 - 46. A prominent stalk (S) is seen in this weanling rat. While the
immunostaining gradient is readily observed, greater numbers of nonstaining nuclei
are noted in the proximal regions of both NSE (45) and NNE (46) immunostained
sections of the gland.
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Figure 47. Neuron cell bodies (arrowheads) and axons in cross-section (arrow) are
observed in this section of superior colliculus.

Figure 48. A heterogenous pattern of NSE antigen localization in the weanling rat;
some pinealocytes stain more intensely than others.
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Figures 49 & 50. Both NSE (49) and NNE (50) antigen are found in the same
pinealocytes (arrows) of adjacents sections in this adult rat kept under the long day
photoperiod.

UNIVERSITY LIBRARY
LOMA LINDA. CALIFORNIA
157

Figures 51 & 52. A similar mosaic pattern and antigen localization (NSE: 51, NNE:
52) is seen in pineal glands of adults raised in the short day photoperiod.

